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Abstract
This work is concerned with the preparation of six dicyanate ester monomers, four o f  
which are novel and the same four have been cured. The first dicyanate contains a 
arylene ether sulphone backbone, the second is two dicyanate o f siloxane type 
backbone and the final three are dicyanates containing alkylene ether backbone of 
varying lengths where n = 1, 2, 3. All the dicyanates were prepared in good yield and 
purity. Characterisation o f the monomers was undertaken using spectroscopic and 
chromatographic methods and elemental analysis. Thermal analysis was carried out 
on the cured arylene ether sulphone dicyanate and alkylene ether dicyanates using 
differential scanning calorimetry vdth varying heating rates. The monomers were 
blended with AroCy® BIO and both the homopolymers and blends were analysed 
using thermogravimetric analysis and the effects o f the blend stoichiometry are 
assessed and comparisons made with the homopolymers.
Dynamic mechanical thermal analysis was employed to examine the values o f glass 
transition temperature and tensile moduli. This was performed on the arylene ether 
sulphone dicyanate homopolymer and their blends with AroCy® BIO and in the form 
of bending moduli on the alkylene ether dicyanate homopolymers and blends with 
AroCy® BIO. Thermomechanical analysis was carried out on both homopolymers and 
blends with AroCy® BIO, to examine the effects the backbone types have on the 
thermal expansion behaviour. Arrhenius kinetic parameters are presented for the 
catalysed thermal polymerisation and degradation reactions o f the arylene ether 
sulphone dicyanate. An improved method for obtaining these parameters, using 
numerical methods to simulate the exothermic DSC curve produced during 
polymerisation, is compared to that o f the traditional method.
A parameter set (RDA-DR2.2l lnv), previously optimised for use with cyanates, was 
employed to reproduce both the geometries and the physical and mechanical 
properties o f poly(6w-4-(4-cyanatophenoxy)phenyl sulphone). Molecular dynamics 
simulations, carried out on the polymer structure have yielded a glass transition 
temperature (Tg) for the polycyanurates o f between 237 - 247 °C, with a density o f  
between 1.31 — 1.34 gcm'  ^ at 300 K. The same dicyanate was prepared and
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characterised using dynamic mechanical analysis and thermo-mechanical analysis. 
The former yields an empirical Tg o f 246°C and modulus o f 1.57 GPa (at 150°C), 
while the latter produces a GTE of 39 ppm/°C (40-200°C). The density obtained from 
the prepared polymer, recorded at 298 K, gave a value o f 1.34gcm" .^ This value is in 
good agreement with that obtained from improved simulation data.
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FT-IR - Fourier transform infra-red
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Chapter 1 Introduction
The world’s demand for (and dependence on) electronic components is growing with 
the ever-increasing electronic component content in a wide variety o f products, from 
aeroplanes and cars to commonplace household appliances. It is predicted that world 
shipments o f electronic components will increase more than 9% per year to reach 
$486bn in 2004% Furthermore, the world market for chemicals used to make 
electronic devices is heavily concentrated in a small group o f countries e.g. North 
America (principally the USA) and Asia (Japan, South Korea and Taiwan) accounted 
for almost 86% of global demand in 1999% As electronic devices become increasingly 
complex and more sophisticated, electronic circuitry is rapidly evolving into smaller, 
more powerful and faster multilayer units, comprising sequentially built, thin layers o f  
metallized conductors (known as the lead frame) on ceramic or silicon substrates and 
unreinforced polymer dielectric films (collectively known as die attach materials). 
These multi-chip modules (MCMs) offer the possibility o f designing high density 
interconnects for mounting chips used in digital processing (Figure 1.1). However, 
these devices place increasing demands on dielectric polymers for both lower 
dielectric loss properties whilst maintaining device reliability. The introduction o f die 
attach materials has introduced particular problems too, i.e. delamination, chip 
warpage, package cracks and more. There are many reasons these problems occur, but 
for the purposes o f this investigation the work will concentrate on only one aspect 
which is described below in section 1.1.
Dielectric Polymer
Figure 1.1 Multi-layer package example^
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1.1. Bacl^round to this project
There are many problems that arise from the increasing sophistication o f electronic 
devices and these are associated with the components making up the device. One of 
these problems is chip warpage caused by the build up o f the internal stress within the 
dielectric polymer during thermal cure. This project has been undertaken to 
investigate the internal stress o f polymer networks in relation to the thermal stress that 
occurs during polymerisation and/or usage o f the cured polymer. It will essentially 
concentrate on the investigation o f polycyanurates (PCs), alternatively known as 
cyanate ester resins (CERs). The target application for use is in the microelectronic 
industry as an instrument for bonding a silicon chip to a metal lead frame e.g. copper, 
or the leads to the chip itself for connection to the printed circuit board (PCB), but the 
results of this study have the potential for wider impact on structural composites in 
other technological applications. The synthesis and characterisation o f novel cyanate 
ester monomers (CEMs) reported within this thesis have gone some way to achieving 
this as evidenced by the thermal analyses reported later. These CEMs are polymerised 
to form CERs and characterised by thermal and mechanical analysis, while the 
kinetics o f polymerisation and degradation (of the cured resins) are also investigated. 
At the same time, a discussion is presented o f the molecular modelling approach that 
has been applied to polycyanurates to determine the effect o f molecular structure on 
the internal stress generated during the cure. The development o f computer simulation 
of commercial CERs is investigated and compared with published data for the 
eventual simulation o f the CERs synthesised. Properties observed using the computer 
simulation are compared to those obtained experimentally for correctness o f the 
model and methods employed to create the model.
1.2. High performance polymers (HPPs)
The design o f HPPs has been achieved mainly from increased demand, to replace 
expensive and relatively heavy metals and alloys in the electronic/microelectronic 
industries, the aerospace industry, and many other (lower performance) uses from 
windows to everyday adhesives.
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Each industry demands materials with different properties and levels o f performance, 
dependent on the specific application to which the material is to be put. Therefore, it 
is very important to design polymers to meet specific requirements, pinpointed by the 
particular industry’s needs. In the design o f the polymer matrix, certain characteristics 
have to be considered, including: mechanical property retention under particular 
conditions -  high softening point and high glass transition temperature (Tg); thermal 
stability -  resistance to thermal breakdown; temperature -  materials are expected to 
withstand a variety o f temperatures depending on the application; and chemical 
stability -  resistance to chemical attack under adverse chemical and thermal 
conditions like oxidation and hydrolysis, etc. The structure should then display high 
modulus, high strength, impact resistance and good environmental stability, unless 
specifically required to undergo programmed degradation {e.g. during drug delivery).
The use o f para-\\rkQ& aromatic ring structures improves the thermal properties o f  
polymers, but it also increases the rigidity o f the structure, thus reducing the 
processibility o f the polymer. Linking groups sueh as -CO-, -COG-, -CONH-, -S-, - 
SO2 -, -0 -, etc., can increase flexibility without affecting stability considerably. More 
flexible linking groups and metaAMâng increase processibility, but at the expense of  
thermal stability^ Therefore, a compromise has to be reached between thermal 
stability and processibility to maximise the properties. Processibility and thermal 
stability can both be reached simultaneously by modifications like blending and co­
polymerisation. At present, resins used for high performanee applications include 
phenolic resins, polyimides, epoxy resins and more relevantly the increased use of  
cyanate ester resins (polycyanurates).
1.3. Background to cyanate monomers and polycyanurates
Cyanate ester resins (CERs) form a family o f thermosetting resins that is used within 
a variety o f electronic and microelectronic applications. The commercial development 
of CERs followed the development of a stable practical synthetic route by Bayer, AG 
in 1960% The technology was licensed to Mitsubishi and initial commercial 
introduction was a bisphenol A dicyanate prepolymer in 1976 (as Triazine A). Since
University o f Surrey, Guildford, Surrey, GU2 7XH, England, UK. © 2005 Paul Klewpatinond
Chapter 1 Introduction
then, many different cyanates have become commercially available (Table 5.8) and 
many more, which are under development, are still being researched^
Nair et a/.'* have published the most recent review o f the chemistry and technological 
developments o f CERs, augmenting those o f Hamerton and Hay’ % The chemistry o f  
cyanate esters has not changed significantly over the years. Conventionally, the 
cyanate group is covalently bonded to a carbon atom, but a recent accomplishment by 
Eabom et has successfully incorporated heteroatoms. They have isolated
cyanate esters with silicon covalently bonded to the cyanate group, but have yet to 
report any success in trimerization o f these products^
L3.L Methods of monomer synthesis,
A review of cyanate ester synthesis by Snow^  ^has revealed five reasonable methods, 
including: reaction o f phenol or alcohol with cyanogen halide; thermolysis o f 
thiatriazoles; heavy metal oxide dehydration o f O-alkyl thiocarbamates; acylation and 
decomposition of 0-alkyl-iV-hydroxythiocarbamates; and an alcohol exchange 
reaction with thiocyanates. Snow has suggested that the first two methods are the 
most practical. In industry, the first method o f producing cyanate esters has been 
adopted because o f its high yield, low cost, one step reaction and commercial 
importance.
Cloez*  ^ first reported the preparation o f cyanate esters in 1875 with the reaction of 
alkoxide with cyanogen chloride. The use o f aryloxides was not successful by Cloez’s 
method because the exeess oxide reacted with the organic cyanate to give a mixture o f  
cyanurates and imidocarbonates (Scheme 1.1)*% The method was modified by Bayer, 
AG in 1960"* (Scheme 1.2), who patented in 1963 the preparative route, showing 
success o f a number o f mono- and poly-phenols and partially-halogenated aliphatic 
hydroxyl compounds. This method was applied to a large number o f aryl and 
haloalkyl alcohols, but not to aliphatic alcohols, due to their instability at ambient 
temperatures^ The significant modification Bayer made to Cloez’s method was to add 
slowly a base, e.g. triethylamine, to a phenol-cyanogen halide mixture instead of 
adding cyanogen halides to a basic phenolate solution^
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R—O + CICN
OR
HjO ^  n;
) '^ 0 RRO OR RO ^  OR 
Scheme 1.1 Imidocarbonate and cyanurate formation
OH + CICN OCN + [(C^ HjjjNHICl
Scheme 1.2 Cyanate ester from addition of triethylamine (base)
The general synthesis '*42,14.15,16 Qp cyanate monomers is as follows: phenol is dissolved 
in a suitable aprotic solvent, such as acetone, and cooled to below -5°C, to this 
mixture is added a solution o f the cyanogen halide (at 1 : 1  ratio for monocyanates and 
1:2 for dicyanates). The resulting solution is stirred vigorously while triethylamine 
(EtgN) is added dropwise and the temperature kept below -5°C. Once addition is 
complete, the reaction mixture is eventually allowed to warm to room temperature and 
the cyanate product extracted into dichloromethane, washed with water to remove 
triethylamine hydrobromide and extraction solvent evaporated to give the required 
product. The reaction is not a complicated one, but two very important points to 
remember are that the cyanogen halide must be in slight excess with respect to the 
phenol (but in stoichiometric balance with the base) and the reaction temperature must 
be maintained below 0 °C. This method, if  controlled properly, can produce mono- 
and di- arylcyanates with yields o f >99%.
In the same year that the above method was reported, the thermolysis o f thiatriazoles 
was reported independently by Jensen and Holm*’ (4-step process) and by Martin** (3- 
step process) (Scheme 1.3).
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A
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R — OH +
%
■OH
Cl Cl
R — O NHNHj
HONO
Heat /
N
Martin
Scheme 1.3 Thermolysis of thiatriazoles^’^ ^
NàN,
R — O Cl
This method is particularly useful for the synthesis o f alkyl cyanates, giving yields o f  
between 70% and 90%, but drops to 30% with the preparation o f aryldicyanates. This 
method is less favoured industrially due to its low yield o f aryldicyanates*%
1.3.1.1. By-products associated with mono- and di- cyanate ester monomer 
synthesis.
In every reaction that is carried out, by-products will inevitably be produced, along 
with the required product. Therefore, it is absolutely necessary for the reaction 
conditions to be controlled, so that there are no, or minimal, by-products produced as 
a result. The control o f by-product formation determines the purity and yield o f the 
required product, and in this, the synthesis o f cyanate esters is no different to any 
other syntheses. In this case, 3 major by-products^  ^ may be present in the 
formation o f cyanates using the method described above. These are: the formation of 
carbamates; the formation o f imidocarbonates; and the formation of 
diethylcyanamide.
All starting materials and solvents must be dry, as water and unreacted phenolic -OH  
will react with the cyanate produced to give an imidocarbonic acid intermediate.
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which rearranges to a carbamate (Scheme 1.4). Excess phenol in the system will react 
with the cyanate ester to give an imidocarbonate species (Scheme 1.5). This is 
prevented by adding cyanogen halide (CNBr) in excess and then the base to the 
system, rather than adding phenol first, to avoid this by-product formation (CNBr and 
Et]N are added at 1.1 equivalents to 1 equivalent o f phenol). The last, very crucial, 
control o f the reaction is the temperature, as the addition o f triethylamine is an 
exothermic reaction. The base addition prevents the cyanate forming reaction, from 
competing with the von Braun reaction (at temperatures >5°C), which cleaves the 
amine C-N bond to give diethylcyanamide and alkyl halide (Scheme 1.6).
NH O
R—OCN + HjO
R—O OH 
imidocarbonic acid
R—O NHj
carbamate
Scheme 1.4 Reaction of cyanate with water
— O + ^ — OCN
H
imidocarbonate
Scheme 1.5 Effect of excess phenol in the system.
[C .H A N  +  BrCN
ÇA
CjHj— N—CN Br
CA
(C2 Hg)2N —CN + BrC^Hg 
diethylcyanamide
Scheme 1.6 von Braun reaction.
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The by-products described above are to be avoided as much as possible as they affect 
the yield o f the desired cyanate ester product, and can cause serious problems during 
the curing process, where the triazine ring is formed to give a cyanurate network 
(polycyanurate or triazine resin).
1,3,2. Polymerisation of cyanate
Cyanurates and polycyanurates are essentially a result o f the reaction between mono- 
and di- cyanate monomers respectively, via cyclotrimerisation (Scheme 1.7 & Scheme 
1.8). The formation is a step-growth network building process with no condensation 
product from the reaction.
3 R— OCN N ^  ,N
OR
Scheme 1.7 Triazine formation using monocyanate
NCO\ ,OCN
3 NCO— R OCN Y Y
Y
+n NCO— R— OCN
1
R
I
OCN
' W 'N^N
?
?O
N
Y  “  further cross linking
Scheme 1.8 Polycyanurate 3D network formation
The reaction seems to be a simple one. Much research has been undertaken to 
examine the polymerisation o f dicyanate esters, but with no conclusive results relating 
to the mechanism for which the dicyanate is transformed into a macromolecular
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polycyanurate. Continuing research has established at least three possible mechanistic 
routes to describe the triazine formation, which are consistent with the experimental 
evidence.
In 1986, Shimp^  ^reported a mechanism involving a catalyst o f metal carboxylates and 
phenolic compounds, (R’-OH) shown below in Scheme 1.9. Essentially, a metal ion is 
used to co-ordinate three cyanates close enough for ring closure and phenolic -OH is 
used to activate the process.
R— o
HO—R'
+ HO—R'
+  M-H-
O—R
R— O
R— O
Scheme 1.9 Mechanism for cyclotrimerisation postulated by Shimp^.
Then in 1992 a reaction scheme for the uncatalysed system was suggested by Bauer et 
al3 .^ That is, residual Ar0 H/H2 0  acts as a catalyst to form small quantities o f triazine. 
The triazine proceeds to act as a catalyst in the reaction o f ArOCN with ArOH, to give 
an imidocarbonic ester. This reacts with a further two cyanates to form a triazine ring 
(Scheme 1.10a). The triazine formation mechanism*® is not dissimilar to that o f the 
route proposed by Shimp in Scheme 1.9 above.
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— R—O- iN
-R'OH H2O
R—O II O—R’
ROCN
— R—O
>200OC
imidocarbonate
O carbamate 
fast
R—NHg + COj
(a) (b)
Scheme 1.10 Mechanism for cyclotrimerisation postulated by Bauer^ "
Both routes to triazine formation are valid mechanisms, but Shimp’s addition o f a 
catalyst to the system provides a much greater cyanate conversion. The reason for this 
is wholly due to the fact that phenolic -OH groups in the system are cyanate 
consumers. Therefore, the reaction must take place at a speed faster than the -OH/CN 
reaction to prevent carbamate formation. If the conversion rate is low and lots o f  
carbamate is formed, at high curing temperatures (>200°C) blistering will occur. High 
temperatures cause the carbamate to decompose into an amine and release carbon 
dioxide, (often termed “outgas” in technical/commercial sources) that causes 
blistering in laminates (Scheme 1.10b). The properties o f the cured product are greatly 
affected by the CO2  gas release, which has to be controlled carefiilly.
Brownhill et a l  Have recently reported another route (1994)^% again showing step­
wise cyclotrimerisation. The conditions are very different to those mentioned above, a 
very reactive catalyst, titanium tetrachloride, in solution is used under ambient 
conditions, to create an active site on the cyanate (Scheme 1.11). The mechanism 
proposed requires only one cyanate to the metal, whereas Shimp’s mechanism 
coordinates three cyanates at the same time, a much less likely occurrence.
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Ar O— +  TiCl^ _ Ar O— - TiCl^
ArO
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-  ArO
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ArO
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ArOCN / = N = - T i C l ,
fast
OAr ArO
,N
fast
-TiCl,
OAr
I
ArO' Ivl' OAr 
OAr
Scheme 1.11 Mechanism for cyclotrimerisation postulated by Brownhill et al?*
The dimeric intermediate diazacyclobutadiene (DACB) and the hydrate derivative 
(DMH) were proposed by Fang and Shimp  ^to be the intermediates in the triazine ring 
formation mechanism (Scheme 1.12). Studies by both and NMR have not 
shown any presence o f the intermediates in question^ This casts doubt on to Bauer’s 
and Shimp’s proposed mechanisms but not significantly to dismiss them totally.
N n 1%
^  y  R — o — ^  J — o — R
DACB DMH
Scheme 1.12 Proposed intermediates
Mass spectral data on the other hand has been presented by Fang and Houlihan^® that 
supports the mechanism, by showing the presence o f DMH. They suggest that DMH 
is present as an autocatalyst in the absence o f a catalyst, therefore lending support to 
Bauer’s mechanism.
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L3,3. Properties and applications
1.3.3.1. Cyanate ester monomers
The success o f cyanate esters commercially is due to their ability to offer many 
diverse properties. Monomer properties are very important to the final properties of 
the resin, and monomers have a relatively low toxicity (LD5 0  > 3 g/kg), as they 
hydrolyse to yield carbamates rather than hydrogen cyanide^ .^ Processibility o f the 
monomer is very good, having relatively low melting points and melt viscosity, 
allowing low temperature melt processing'^. Typical cure temperatures range from 
around 180°C to >250°C depending on the required Tg o f the final polymer.
1.3.3.2. Cyanate ester resins
The cured polycyanurates offer high performance, including relatively high glass 
transition temperature (Tg = 190-290®C, depending on structure and degree o f cure), 
typical levels of fracture and toughness of Gic = 140-225 J/m ,^ although this can be 
raised significantly by blending with engineering thermoplastics, and good hot/wet 
performance^ .^ For instance, cured polycyanurates display low dielectric loss 
properties (typically, the dielectric constant, s = 2.2-2.T and dissipation factor, Df = 
0.003 at GHz frequencies) and low moisture absorption (typically less than 3 weight 
% in short-medium term conditioning studies). In the former case, lower dissipation 
factors proportionally reduce power loss and heat production in MCMs which, in turn, 
means that operating speeds are increased, “crosstalk” (the interaction between 
electrical fields o f adjacent electrical conductors) is reduced and dimensional stability 
is maintained. The importance o f maintaining low moisture absorption is made 
clearer if  one considers that, with a s o f 78, the absorption o f even quite small 
quantities o f water in thermoset resins can affect their dielectric properties quite 
markedly.
Generally, polycyanurates offer consistent performance and dimensional stability over 
wide temperature ranges with exposure to humidity, circuit processing chemicals and 
corrosive environments, when compared with competitor resins, such as
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bismaleimides or epoxy resins. Ideally, zero dimensional change should occur during 
the cure o f the dielectric polymer, when heated or cooled during processing or service, 
and when subjected to environmental fluids and variable humidity conditions. In 
practice, however, a degree o f dimensional change occurs with all polymers (and 
indeed all materials) and can lead to a number o f problems, including delamination 
and warping (described earlier). This can be particularly evident in complex 
electronic packages, where both dielectric polymer and e.g. a silica substrate may be 
in direct contact and the delamination and warping may arise due to a mismatch in the 
coefficients o f thermal expansion (CTEs) o f the respective materials. For instance, 
the CTE of a silicon wafer is ca. 3.0 ppm/°C^% whereas typical commercial 
polycyanurates develop CTEs o f between 62 and 71 ppm/°C^® after cure. The effect 
of this mismatch is evidenced by the warpage observed in the two layers (the greater 
the mismatch, the larger the warpage). This can have catastrophic consequences in 
the production o f MCMs and may lead to either delamination o f the separate layers or 
disruption o f electrical connections between the components. This leads to a need for 
a greater understanding o f CTE/intemal stress in the components used in 
microelectronics.
As mentioned previously, the conversion can be as high as 98% depending on the 
purity o f the initial monomer and the level and nature o f the catalyst employed. The 
relatively high Tg o f resins is due to the high aromatic content, while high rotational 
freedom o f ether linkages gives low crosslink density and high free volume which 
contributes to good toughness'^ >^ °-^ '. The thermal stability o f the polymer is very good 
because o f the j-triazine linkages. In forming these 5 -triazine linkages, the network 
lacks hydrogen-bonding sites and is therefore non-polar. This amounts to the cured 
resin having low moisture uptake (typically 0.5-2.5%)'^ and low dielectric constant 
(typically 2.5-3.1)'\ As with other polymeric systems, modification o f the matrix by 
addition o f a second polymer can give a final matrix with more desirable properties. 
Modification can be achieved by incorporating cyanate esters to interpenetrating 
polymer networks (IPNs) and semi-IPNs, or by incorporation into blends and co- 
polymers^^ Mechanical properties o f CERs can be improved by reinforcing with e.g. 
“carbon” fibres (based on polyacrylonitrile) in the form o f structural composites.
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1.3,4, Applications of cyanate ester resins
Section 1.3.3 has given some indication o f the diversity o f properties o f CERs. These 
make cyanates desirable for many applications, ranging from optical waveguides and 
electro-optical devices to biomedical applications'^ Reinforced resins are increasingly 
being used as structural composites in the aerospace/space industry as main 
components. At present, the single largest application for polycyanurates is the use as 
lamination substrates for printed circuits and their assembly via prepreg adhesives into 
high-density, high-speed multi-layer boards, which are produced commercially for 
supercomputers, mainframes and high speed workstation mother units^l In fact, the 
fastest growing use for polycyanurates is in high frequency units designed for 600 
MHz to 12 GHz wireless communication and tracking systems for, in addition to the 
general properties already outlined above, the polymers also develop interesting 
dielectric properties that make them particularly attractive in this application, for 
which epoxy resins and polyimides are market contenders.
A detailed account o f technologically driven properties o f these polymers has been 
reviewed by Shimp^l One o f the aims o f this project is to investigate some 
fundamental structural properties o f cyanates for use in the microelectronic industry.
1.4. Polymerisation Kinetics
As described in section 1.3.2, the formation o f polycyanurates occurs via 
cyclotrimerisation o f monomer units. It is necessary to study the kinetics o f a 
polymerisation process to enable the determination o f polymerisation mechanism. 
There are many methods employed to determine the mechanism and kinetics of 
polymerisation, including FT-IR and ^H NMR spectroscopy and DSC, etc.
Characterising the cure kinetics using DSC involves measuring the parameters 
associated with the exothermic cure reaction peaks at a variety o f heating rates, 
including heat flow and temperature data. Then developing a mathematical model
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namely a set o f differential equations for the conversion rate {àaJàt) in terms of 
temperature and degree o f cure or fractional conversion a.
An example o f a mathematical model to analyse the DSC data using the simple «th- 
order kinetic modeP  ^is shown below:
ln(r) -  n M \-a ) = \n{A) -  EIRT ( 1 )
where r is the rate o f conversion (da/df), n is the order o f reaction, a  is the fractional 
conversion, A is the pre-exponential factor, E  is the apparent activation energy , R is 
the gas constant and T is the absolute temperature.
A plot o f the left-hand side o f equation (1) against 10^/T (K) for the correct value o f n 
should be linear if  the data are well fitted to the model. The best fit values o f In A and 
E  may be found from the intercept and slope respectively obtained by a linear 
regression analysis. The application o f the model to DSC data will be discussed in 
greater detail later in this report.
1.5. Degradation Kinetics
Along with the investigation o f polymerisation kinetics, the degradation kinetics also 
have to be studied. The information obtained can ultimately provide an understanding 
of the degradation mechanism, which can be used to further improve the properties o f  
HPPs. There are many different mathematical models developed for the prediction o f  
the different kinetic parameters, such as reaction order and activation energy. Albano 
et aV* have found in the literature three categories to classify the published 
mathematical models: integral, differential and so-called special methods.
Integral methods include:
Horowitz-Metzger method
In
For n = \  
r 1 \
In
1
\ \ - a  j
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where a  is fraction o f reaction at time t, T is temperature (K), 0 = T-Tref, R is gas 
constant, Eg is activation energy, n is order o f reaction and Tref is the TG differential 
curve peak temperature (K).
Forn
In
1 — (l — 
\ - n
l-n  \
R.Tref
Coats-Redfem method
log
For n = l :
- lo g
\ - a
= log
A.R 1- 2.RT
'a J 22.RT
where p is the heating rate (degree/time) and A is the pre-exponential factor
For M # 1
log
l - ( l - o r ),1-M 'N
= log
A.R
1
2.RT
Ea J 22.RT
The methods above are all based on a simple nth order kinetic model.
Thermogravimetric (TG) analysis is used to obtain data such as the residual weight 
fraction o f the sample as a function o f temperature or time, at a controlled heating 
rate. These data are necessary for the kinetic parameters to be obtained and the 
treatment o f TG data will be examined in greater detail later.
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1.6. Background to Molecular simulation of polymers
Although molecular simulations of small molecules have been performed for some 
time, they have mainly examined conformation and intermolecular interactions. 
Advances in computers have enabled the ability to model larger, more complicated 
structures o f macromolecules. Simulations o f proteins and nucleic acids have been 
widely reported, as they have well-defined globular structures. The structures o f such 
molecules are well defined due to their dependence on specific hydrogen-bond 
interactions^^ Synthetic polymers may not rely so heavily on specific hydrogen- 
bonding interactions (and certainly not in the current context) and therefore do not 
have such well-defined globular structures. A range o f molecular weight and 
conformations can exist in a polymer system making it difficult and time consuming 
to simulate. Further advances in computer hardware have allowed improvements in 
software, making polymer simulations more feasible because o f the increased 
processor speeds, thus cutting down the computer time necessary for the simulation o f  
polymers.
Models are used because in some instances they can provide an atomistic 
understanding o f a structure, its interactions and the prediction o f behaviour under 
experimental conditions. This is achieved without having to carry out physically any 
experiments or measurements, in many cases to find out that the original hypothesis 
was wrong. Using computer simulations may reduce both the time and the cost of 
research and development.
L 6, L United atom theory
The time taken for a computer simulation o f a molecule, especially a macromolecule, 
increases as the size o f the molecule increases. In industry "time is money’, therefore 
representation o f the models has to be simplified to allow reductions in computer 
time. One o f these methods is to use united atoms in the building o f the structure. 
Instead o f modelling for example, a CH2  group as one carbon and two hydrogen 
atoms, a single ‘CH2  unit’ may be assigned. In short, the removal o f explicit hydrogen
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atoms reduces the number o f variables by -2-3 times^  ^ The radii o f the hydrogen 
atoms removed are summed into the van der Waals radius o f the carbon, making it 
larger in mass and size than normal. One drawback is that by adding the H's into the 
carbon removes the chirality and in turn chiral centres may be able to invert during 
calculations. The typing o f united atoms is very important when setting force-field 
parameters. Some force fields produce even simpler models, further reducing 
interaction sites, e.g. a benzene ring might be modelled as a single site. Figure 1.2 is a 
representation o f united atom theory, the distance r is the distance between the centre 
of gravity o f both the benzene and methyl molecules. The force constant between the 
reduced molecules has to reflect the distance r, and parameters within each o f the 
single sites are very specific to the molecule and are not readily changed. With every 
reduction in interaction sites, the coarser the atomic description becomes and 
ultimately the detail and accuracy o f the final result will be lost.
Reduced force field with
C H 3  ------------------------------ ►
different parameters
I
t   ^ Î
Figure 1.2 Representation of United Atom Theory
L 6.2. Force fields designedfor macromolecules
A force field is generally used to reproduce and predict structural properties. Each 
force field contains a parameter set to describe the atom or molecule in question. 
Quantum mechanical methods dealing with electrons in a system would be an ideal 
method for use in molecular modelling, but molecules for analysis by molecular 
modelling are generally too large to be considered by this method. Instead, molecular 
mechanics is used to perform calculations on systems containing a significant number 
of atoms. This method ignores electronic energy within atoms by describing the 
energy as a parametric function of the nuclear positions^^^  ^ Parameters are obtained 
from a series o f experimental data or fi-om ab-initio quantum mechanics calculations
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o f small molecules. The parameter set is essentially depicting a molecule, i.e. atoms 
held together by bonds, and must indicate ideal bond lengths, angles, dihedral angles 
and the associated force constants for bond stretching, angle bending and torsional 
rotation motions^. An accepted concept in most force fields is atom types. Along with 
the parameters mentioned above, atom types also contain information about the type 
of chemical bonding that the atom is involved in, i.e. hybridisation state, and the 
atomic number of the atom in questiofr^ ^^ ^^ .
Many different force fields have been developed over the years trying to depict 
molecules and macromolecules more accurately. Small organic molecules are 
normally modelled using the MM2 and MM3 force fields developed by Allinger and 
co-workers^*’^ .^ Specific force fields such as AMBER'*® have been developed for 
modelling o f macromolecules, like proteins and nucleic acids. Specific force fields for 
polymers are more difficult to obtain. General force fields like the Universal Force 
Field (UFFy* and Dreiding IP^  have been introduced with the aim o f optimising each 
atom. This generalisation enables polymer systems to be built on an atom by atom 
basis to form the required structure.
L6.3. Energy minimisation
The optimisation o f a structure is important for an accurate model to be obtained. This 
is achieved by minimising the energy o f the entire system. The energy o f a system 
depends on the positions o f the atoms and the bonding conditions. These parameters 
are set within a force field representing the total energy o f a molecule (Etotai) as a 
function o f geometrical variables. A typical energy expression is shown below^ ^^ ^^  ^(in 
more complex force fields a broader range o f terms can be used):
Etotai ~  Estr "t" Ebend Etors Eydw Eel
where: Estr= energy function o f bond stretching between 2  atoms;
Ebend= energy required to bend an angle;
Etors = torsional energy for rotation around a bond;
Evdw and Eei = non-bonded atom-atom interactions
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The expression given above is used to calculate relative energies. Ideal structures are 
obtained from finding the minimum energy for a set o f geometric variables.
The energy o f a system is considered optimised only when the first-order derivative 
(dE/dx) is equal to zero for each variable within the function. However, this could be a 
turning point, the value o f the second derivative indicates the minimum, i.e. this is a 
method o f finding the stationary point(s) o f the system on the potential energy (PE) 
curve. A ‘true’ (or actual) energy minimum of the given system is obtained from 
calculations o f the second-order derivative (cfE/dx^) to give a positive value on the PE 
curve.
Different algorithms are used in calculating the minimum energy o f a structure. The 
simplest is the steepest descent method. This uses first-order derivatives by gradually 
changing the coordinates o f the atoms. Each starting point is taken from the molecular 
configuration obtained from the previous step as they move closer and closer to a 
minimum point. All atoms are moved simultaneously to obtain a local minimum for 
the system. A more effective method is the conjugate gradient method. Essentially 
this is the same as the steepest descent method but allows conjugate directions to be 
searched^\
1.6.4. Periodic boundary conditions (PBC)
Macromolecules such as polymer structures are huge and at present it is impossible to 
model the bulk properties o f the entire structure. From a theoretical viewpoint a 
polymer can be considered an infinite system containing an infinite number o f  
identical repeat units. In three-dimensional space, each cubic unit has 26 identical 
units ( 6  faces, 12 edges and 8  comers) in its nearest surroundings^®. Periodic boundary 
conditions are put into place, allowing the system to experience forces as a bulk 
stmcture would. The 3D unit containing a very small fraction o f the bulk polymer, 
between 1 0 0  and 1 0 0 0  molecules, is used to simulate the bulk^ .^
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Figure 1.3 two-dimensional illustration of periodic boundary conditions'^
The molecules are allowed to move freely between units, but at the same time keeping 
the number of molecules and distribution constant. As one atom leaves a unit cell 
entering into an adjacent cell, at the same time, another enters from the corresponding 
point o f another adjacent cell (Figure 1.3). This is similar to taking a molecular level 
sample o f the bulk.
L6.5, Simulation of polycyanurates
Since the late 1980s, several groups have reported results from the conformational 
analysis o f the 6[ym-triazine ring structure and many fragments containing jy/M-triazine 
rings by means o f computer modelling. The advances in computer power and software 
in the last twenty years have brought these about. To review these findings is beyond 
the scope o f this work. Interest lies in the computer simulation and modelling of 
polycyanurate network structures, analysis o f which have only been reported since 
1994 by Fang and Shimp  ^and Howlin et The validity o f past work has been
reviewed by Allingtofr^, who has since developed an improved and more reliable 
method for modelling o f polycyanurates and obtaining bulk properties o f the network. 
Research work into thermosetting polymers is slow due to the complexity o f the 
network formation. Currently, there is no easy way to simulate the complexity o f  
network formation using computers, as there is no software that provides this ability.
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Hence, Allington’s method seems to be the best current method for the simulation of 
the network formation o f polycyanurates.
1.7. Conclusions
The synthesis o f CEMs is well documented and widely accepted. Much work is 
concentrated on tailoring the CEM and finally the CER to the properties required for a 
particular application, by means o f synthesis o f novel CEMs and/or blending of 
existing CEMs. Apart from this much work is going on to extract the exact 
mechanism o f polymerisation and degradation. However, in view o f the differences 
in backbone structure o f CEMs, it is most likely that it is impossible to obtain a 
general mechanism of degradation, but this might be possible for polymerisation o f  
CEMs, as it is only concerned with the reaction o f one species, the -OCN molecule. 
Although the kinetic parameters can be obtained fi*om the methods described in 
sections 1.4 & 1.5, with these methods it is not possible to obtain the kinetic 
information for the entire reaction or system. This is because all the equations used 
are based on obtaining a straight-line plot and cannot take into account any deviations 
from this. In section 2.6.3, a method o f obtaining the kinetic information for the entire 
data set is described. Simulation o f CERs is still veiy new and very little work has 
been published post Howlin et and Allingtofr^ but the work that has been carried 
out has proven to be very successful in simulating the structure and properties o f  
CERs.
There has been a great deal o f work carried out over the past 40 years but there is still 
a lot o f scope for research in this area, especially in the area o f computer simulation of 
CERs.
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2.1. Analysis
2.LL Fourier transform infra-red (FT-IR) spectroscopy
Spectra were recorded using a Perkin Elmer (system 2000 FT-IR) FT-IR spectrometer 
interfaced with a ‘Simply’ computer workstation and running PE-Spectrum v2.00 
software. The liquid and solid samples were presented on an ATR module, 16 scans, 
resolution 4 cm"\ were recorded and co-added to produce the final spectrum.
2.1.2, Nuclear Magnetic Resonance (NMR) Spectroscopy
NMR spectra were obtained using a Bruker AC300 spectrometer operating at 300 
MHz. Samples were prepared in CDCI3 , CD3 OD, De-acetone according to solubility 
and spectra were acquired at 298 K using tetramethylsilane (TMS) as an internal 
standard where applicable.
2.1.3, Elemental Analysis
Elemental analysis is the determination o f the carbon, hydrogen and nitrogen content 
in organic and inorganic compounds by means o f combustion o f a weighed sample, 
typically 1-3 mg, but this can be as high as 500 mg in certain cases. Combustion is 
carried out in pure oxygen under static conditions. Samples were analysed for C, H 
and N content using a Leeman Labs, Inc. CE 440 elemental analyser by Miss N. 
Walker (University o f Surrey). Acetanilide was used to calibrate the instrument by 
followed by a set o f standards (5'-benzyl thiuronium chloride and phenylthoiurea) to 
check the calibration. The accuracy with standard organic compounds is +/-0.15 % 
absolute plus +/-0.15 % relative. It has a thermal conductivity detector the system 
sensitivity is +/-1 pV. Analytical sensitivity is less than 1 pg. The industry standard 
for accuracy is +/-0.30 % absolute.
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2.L4. Melting Point determination
Samples were analysed using a Kopfler flat bed micro melting point (m.p,) apparatus. 
A heating rate o f 4 K min'  ^was employed and the m.p. is quoted uncorrected.
2.1.5, Gel permeation chromatography (GPC)
Gel permeation chromatography (GPC) was carried out using a TOSO DP-8020 
analyser connected to a TOSO SD-8022 pump and TOSO RI-8020 detector, with a 
TSKgel G2000H+G4000H(TOSO) column (polystyrene standards of known 
molecular weight were used). Measurements were made on 20 pi injected samples 
(concentration o f 5 mg/g in THF) using a flow rate o f 1 cm  ^min"\
2.2. Materials
The commercial dicyanate, 2 ,2 -Z?/5 (4 -cyanatophenyl)propane (as AroCy B-10), 
dihydroxysilicone (termed X-22-1821) and dihydroxysilicone (termed X-22-1822) 
were obtained from Ciba Speciality Chemicals and were used as received. Bis-(4- 
hydroxyphenyl-4’-phenoxy)sulphone was synthesised''^ The following regents were 
obtained from a range o f sources (indicated in parentheses, along with the purity 
where noted) and were all used as received, unless otherwise noted in the 
experimental text. Dichloromethane, methanol, acetone, A,A-Dimethylformamide, 
anhydrous potassium carbonate and phosphorus pentoxide, sodium thiosulphate, 
sodium hydrogen carbonate, sodium sulphate, sodium hydroxide (all GPR grade and 
obtained from Fisher Scientific). A,A-Dimethylacetamide (99%), triethylamine 
(99%), deutero-chloroform, deutero-acetone, deutero-methanol, dichloroethane, 2- 
chloroethylether, 1 ,2-6z^(2-chloroethoxy)ethane, 4-hydroxybenzaldehyde, 3- 
chloroperoxybenzoic acid 70-75% (were all obtained fi-om Aldrich Chemical Co.). 4- 
Methoxyphenol (99%) was obtained from Acros Organics and anhydrous sodium 
sulphate (GPR) from BDH.
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2.3. Synthesis of CEMs
2,3.1. Preparation of bis-(4-cyanatophenyl-4*-phenoxy)sulphone via 4- 
methoxyphenol, [2]
A 3-neck round bottom flask, equipped with a magnetic stirrer bar, dropping fimnel 
and a drying tube, was charged with b/5 -(4 -hydroxyphenyl-4 ’-phenoxy)sulphone (10 
g, 23.02 mmol) and cyanogen bromide (5.36 g, 50.64 mmol). The reactants were 
dissolved in A^A-dimethylacetamide (DMAc, 4 cm^) and acetone (40 cm^) and the 
solution cooled to below -5 °C in a methanol/cardice bath. Triethylamine (5.13 g, 
50.64 mmol) was added dropwise via the dropping funnel to the stirring solution, at a 
rate such that the reaction mixture was maintained below -5  °C. After the addition of 
triethylamine, the reaction mixture was left stirring for 30 minutes and then allowed to 
warm to room temperature. The mixture was washed, with fast stirring, with water 
(150 cm^) to remove triethylamine hydrobromide (the principal by-product) and 
DMAc. The product was extracted with dichloromethane (DCM, 100 cm^). The 
organic product layer was dried over magnesium sulphate and the solvent removed by 
rotary evaporation to give a light brown liquid (containing trapped DMAc). A white 
solid was obtained by adding a 50/50 mixture o f methanol and water and then the 
product was washed with petroleum ether 40 - 60 °C (100 cm^).
The product was analysed using FT-IR (ATR), and NMR spectroscopy (300 MHz 
in CDCI3 ), elemental analysis and m.p. determination.
(Bisphenol) 300 MHz H NMR Ôh (CD3 OD, ppm from TMS): assignments refer to 
structure shown in Scheme 3.1 [1], 7.85-7.82 (4H, d, Jh=  8 . 8  Hz, Ar-H ortho to SO2 , 
H a ) ;  7.00-6.97 (4H, d, Jh = 8 . 8  Hz, Ar-H meta to SO2  and ortho to ether link, Hy); 
6.92-6.89 (4H, d, Jh=  8 . 8  Hz, Ar-H ortho to ether link and meta to OH, He); 6.84- 
6.81 (4H, d, Jh=  8 . 8  Hz, Ar-H meta to ether link and ortho to OH, Hd); 4.88 (s, H due 
to OH, He, fi’om product and CD3 OD); 3.31 (H2 O due to water in CD3 OD).
(Dicyanate) 300 MHz H NMR Ôh (CDCI3 , ppm from TMS): assignments refer to 
structure shown in Scheme 3.1 [2], 7.92-7.90 (4H, d, Jh=  8.9 Hz, Ar-H ortho to SO2 ,
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H a ) ;  7.36-6.33 (4H, d, Jh= 8 . 8  Hz, Ar-H meta to SO2  and ortho to ether link, Hy); 7.26 
(H due to CDCI3 ); 7.14-7.12 (4H, d, Jh = 9.9 Hz, Ar-H ortho to ether link and meta to 
OCN, He); 7.05-7.02 (4H, d, Jh = 9.8 Hz, Ar-H meta to ether link and ortho to OCN, 
Hd);1.57(H20inCDCl3).
Yield = 10.40 g (93.26 %), m.p. = 104 -1 0 6 T .
Elemental analysis calculated for C2 6 H 16O6N2 S:
Theoretical: C 64.46 %, H 3.33 %, N  5.78 %;
Found 1 : C 64.37 %, H 3.00 %, N  5.67 %.
Found 2: C 64.35 %, H 2.99 %, N  5.67 %.
Gel permeation chromatography (although more usefiilly applied to polymeric 
samples) revealed this cyanate monomer to comprise one component with Mn = 465 g 
moF  ^ and Mw = 472 g m o f \ leading to a polydispersity index o f 1.015 and a nominal 
purity o f 99.05 %.
2.3.2, Preparation of dicyanato derivative of hydroxy-terminated silioxane X-22- 
1821, [4a]
A 3-neck round bottom flask, equipped with a magnetic stirrer bar, dropping fimnel 
and a drying tube, with a a,co-dihydroxysilicone (termed X-22-1821) (20 g, 12.37 
mmol) and cyanogen bromide (1.44 g, 13.61 mmol). The reactants were dissolved in 
acetone (50 cm^) and the solution cooled below -5  °C in a methanol/cardice bath. 
Triethylamine (1.38 g, 13.61 mmol) was added dropwise to the stirring solution via 
the dropping funnel, at a rate such that the reaction mixture was maintained below -5  
°C. After the addition o f triethylamine, the reaction mixture was left stirring for 30 
minutes and then allowed to warm to room temperature. The mixture was washed, by 
fast stirring, with water (50 cm^) to remove the triethylamine hydrobromide and 
extracted in a separatory ftmnel with dichloromethane (2 x 20 cm^). The organic 
product layer was dried over magnesium sulphate and solvent removed by rotary 
evaporation to give an opaque light brown liquid. A cursory examination o f the
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dicyanate suggests that the viscosity is slightly lower than the bisphenolic precursor, 
presumably due to the reduction in the number of H-bonding sites.
The product was analysed using FT-IR (ATR), NMR spectroscopy 
(300MHz in dy-acetone) and elemental analysis.
(Bisphenol) 300 MHz H NMR 5h (de-acetone, ppm as centred on acetone):
assignments refer to structure shown in Scheme 3.2[3a], 8.00 (2H, s, phenol OH, Hg);
7.08-7.06 (2H, d, Jh = 7.7 Hz, Ar-H ortho to OH, Hf); 7.02-6.96 (2H, t, Ju=  7.8 Hz, 
Ar-H ortho to OH, Hf); 6.82-6.80 (2H, d, Jh= 7.9 Hz, Ar-H meta to OH, H e ) ;  6.77-
6.72 (2H, t, Jh= 7.8 Hz, Ar-H meta to OH, H e ) ;  2.96 (H2 O in dy-acetone); 2.69-2.64 
(4H, t, Jh= 7.6 Hz, Hd); 2.05 (dy-acetone); 1.75-1.64 (4H, m. He); 0.70-0.64 (4H, t, Jh 
= 8.3 Hz, Hb); 0.14 (H from CH3 on Si, H a ) .
(Dicyanate) 300 MHz H NMR ôh (de-acetone, ppm as centred on acetone):
assignments refer to structure shown in Scheme 3.2[4a], 7.51-7.48 (2H, d, Jh = 9.1 
Hz,
Ar-H ortho to OCN, Hf); 7.44-7.37 (4H, d + 1, Jh=  7.8 Hz, Ar-H meta and ortho to 
OCN, H e + f ) ;  7.33-7.29 (2H, t, 7.1 Hz, Ar-H meta to OCN, H e ) ;  2.96 (H2 O in de­
acetone); 2.77-2.72 (4H, t, Jh= 7.7 Hz, Hd); 2.05 (de-acetone); 1.77-1.66 (4H, m. He); 
0.70-0.64 (4H, t, Jh =  8.9 Hz, Hy); 0.14 (H from CH3 on Si, H a ) .
Yield = 18.66 g (91.67 %) o f liquid product.
Elemental analysis calculated for CiooH2 eo0 4 iN2 Si4 o:
Theoretical: C 36.72 %, H 8.01 %, N  0.85 %;
Found 1: C 35.41 %, H 8.56 %, N 0.39 %.
Found 2: C 35.36 %, H 8.51 %, N  0.37 %.
Gel permeation chromatography revealed four components 1) Mn = 4109 g moT  ^ and 
Mw = 5145 g m o f \ leading to a polydispersity index o f 1.252 and 79.88 % of the 
bulk; 2) Mn = 1333 g mol'  ^ and Mw = 1381 g m ol'\ leading to a polydispersity index 
of 1.036 and 16.26 % of the bulk; 3) Mn = 841 g moT  ^ and Mw = 844 g moT\ leading
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to a polydispersity index o f 1.004 and 2.165 % of the bulk; 4) Mn = 689 g mol'  ^ and 
Mw = 692 g m o f \ leading to a polydispersity index o f 1.004 and 1.34 % of the bulk.
2.3.3. Preparation of dicyanato derivative of hydroxy-terminated silioxane X-22- 
1822. [4b]
A 3-neck round bottom flask, equipped with a magnetic stirrer bar, dropping funnel 
and a drying tube, was charged with a a,co-dihydroxysilicone (termed X-22-1821) 
(20 g, 8.03 mmol) and cyanogen bromide (0.93 g, 8.83 mmol). The reactants were 
dissolved in acetone (50 cm^) and the solution cooled below -5 in a 
methanol/cardice bath. Triethylamine (0.89 g, 8.83 mmol) was added dropwise to the 
stirring solution via the dropping funnel, at a rate such that the reaction mixture was 
maintained below -5 °C. After the addition o f triethylamine, the reaction mixture was 
left stirring for 30mins and the temperature allowed to rise gradually to room 
temperature. The mixture was washed, by fast stirring, with water (50 cm^) to remove 
the triethylamine hydrobromide and extracted in a separatory funnel with DCM (2 x 
20 cm^). The organic product layer is dried over magnesium sulphate and solvent 
removed by rotary evaporation to give an opaque light brown liquid. A cursory 
examination o f the dicyanate suggests that the viscosity is slightly lower than the 
bisphenolic precursor, presumably due to the reduction in the number o f H-bonding 
sites.
The product was analysed using FT-IR (ATR), ^H NMR spectroscopy 
(300MHz in dg-acetone) and elemental analysis.
(Bisphenol) 300 MHz H NMR §h (de-acetone, ppm as centred on acetone):
assignments refer to structure shown in Scheme 3.2[3b], 8.01 (2H, s, phenol OH, Hg);
7.08-7.06 (2H, d, Jh=  7.7 Hz, Ar-H ortho to OH, Hf); 7.02-6.96 (2H, t, Jh= 7.8 Hz, 
Ar-H ortho to OH, Hf); 6.82-6.80 (2H, d, Jh = 7.7 Hz, Ar-H meta to OH, H e ) ;  6.77-
6.72 (2H, t, Jh = 7.2 Hz, Ar-H meta to OH, H e ) ;  2.96 (H2 O in dg-acetone); 2.69-2.64 
(4H, t, Jh= 7.8 Hz, Hd); 2.05 (de-acetone); 1.75-1.64 (4H, m. He); 0.69-0.64 (4H, t, Jh 
=  8.3 Hz, Hb); 0.14 (H from CH3 on Si, H a ) .
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(Dicyanate) 300 MHz H NMR Ôh (de-acetone, ppm as centred on acetone):
assignments refer to structure shown in Scheme 3.2[4b], 7.51-7.48 (2H, d, Jh = 8 . 8  
Hz, Ar-H ortho to OCN, H f ) ;  7.44-7.38 (4H, multiplet, Ar-H meta and ortho to OCN, 
H e +  f ) ;  7.34-7.29 (2H, t, Jh = 7.2 Hz, Ar-H meta to OCN, H e ) ;  5.58 (DCM); 2.77-2.72 
(4H, t, Jh = 7.7 Hz, H d ) ;  2.05 (de-acetone); 1.77-1.66 (4H, m. H e ) ;  0.70-0.64 (4H, t, Jh 
= 8.3 Hz, H b ) ;  0.14 (H from CHg on Si, H a ) .
Yield = 18.12 g (89.50 %) o f a liquid product.
Elemental analysis calculated for CnsHK^OesNiSied:
Theoretical: C 35.20 %, H 8.06 %, N  0.85 %;
Found 1 : C 35.23 %, H 8.52 %, N 0.40 %.
Found 2: C 35.26 %, H 8.56 %, N  0.47 %.
Gel permeation chromatography revealed two components 1) Mn = 4302 g moT  ^ and 
Mw = 5916 g m o f \ leading to a polydispersity index o f 1.375 and 86.58 % of the
bulk; 2) Mn = 1172 g mof^ and Mw = 1235 g m of \  leading to a polydispersity index
of 1.054 and 13.42 % of the bulk
2.3.4. Preparation of 2,2 *-bis-(4-methoxyphenoxy)diethytether via 4- 
methoxyphenoL [5] (n =  2, stepl)
A  3-neck round bottom flask, equipped with a magnetic stirrer bar, thermometer and 
condenser was charged with 4-methoxyphenol (12.414 g, 0.10 mol), \,2-bis(2- 
chloroethoxy)ethane {i.e. n = 3, 9.354 g, 0.05 mol), potassium carbonate (13.821 g, 
0.10 mol) and DMAc (100 cm^). The mixture was stirred and heated to reflux (130 
°C) for 20 hours under these conditions and under a nitrogen blanket. The reaction 
mixture was left to cool to room temp before adding water (100 cm^). The product 
was extracted into DCM (3 x 50 cm^). The DCM layers were combined and washed 
with water (3 x 100 cm^) and dried over sodium sulphate. The solvent was removed 
by rotary evaporation and under reduced pressure to obtain a crude product. A white 
crystalline waxy solid was obtained by recrystallisation from warm methanol and iced 
water and then the product collected by filtration and dried in a desiccator with P2 O5
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under reduced pressure. The product was analysed using FT-IR (ATR) and NMR
(300 MHz in CDCI3 ) spectroscopy, elemental analysis and m.p. determination.
300 MHz H NMR 6h (CDCI3 , ppm from TMS): assignments refer to structure 
shown in Scheme 3.3[5], 6.87-6.79 (8 H, m, Ar-H ortho and meta to ether link); 4.10- 
4.06
(4H, t, JH = 5, C-H closest to Ar); 3.86-3.82 (4H, t, 4.5, C-H next to C-H closest to 
Ar); 3.76 (6 H, s, H due to methoxy); 3.75 (4H, s, C-H between ether links in the 
centre o f the molecule), 1.57 (H2 O due to water in CDCI3 ).
Yield = 12.07 g (66.60 %), m.p. = 64 - 65°C.
Elemental analysis calculated for C2 0H2 6 O6 :
Theoretical: C 66.28 %, H 7.23 %;
Actual 1 : C 66.19 %, H 7.36 %.
Actual 2: C 66.16 %, H 7.37 %.
2.3.5, Preparation o f l,2-bis(4-formylphenoxy)ethane via 4-hydroxybenzaldehyde.
[8a] (n =  1, step 1)
A  3-neck round bottom flask, equipped with a magnetic stirrer bar, thermometer and 
condenser was charged with 4-hydroxybenzaldehyde (153.62 g, 1.26 mol), 
dichloroethane (i.e. n = 1, 62.24 g, 0.63 mol), potassium carbonate (347.72 g, 2.52 
mol) and DMF (500 cm^). The mixture was stirred and heated to reflux (110 °C) for at 
least 48 hours under these conditions and under a nitrogen blanket. The reaction 
mixture was left to cool to room temp before extracting into DCM and water added to 
dissolve any salts. The DCM product layer was removed and the aqueous layer 
washed with DCM. The DCM layers were combined and washed with water and dried 
over sodium sulphate. The solvent was removed by rotary evaporation and under 
reduced pressure to obtain a crude product. A needle-like, off-white crystalline solid 
was obtained by recrystallisation in warm diethyl ether and the product collected by 
filtration and dried in a desiccator with P2 O5 under reduced pressure. The product was
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analysed using FT-IR (ATR) and NMR (300MHz in CDCI3) spectroscopy, 
elemental analysis and m.p. determination.
300 MHz H NMR Ôh (CDCI3 , ppm from TMS): assignments refer to structure 
shown in Scheme 3.4[8a], 9.91 (IH, s, C-H due to aldehyde), 7.88-7.85 (4H, d, Jh =
8 . 8  Hz, Ar-H ortho to aldehyde link); 7.08-7.05 (4H, d, Jh=  8 . 8  Hz, Ar-H and meta to 
aldehyde link); 4.45 (4H, s, C-H between ether links para  to aldehyde links).
Yield = 124.06 g (72.9 %), m.p. = 1 1 3 -1 1 5  ""C.
Elemental analysis calculated for C16H 14O4 :
Theoretical: C 71.10 %, H 5.22 %
Actual 1 : C 70.51 %, H 4.47 %
Actual 2: C 70.59 %, H 4.75 %
2.3.6. Preparation o f l,2-bis(4-formyloxyphenoxy)ethane [9a] (n =  1, step 2)
A 3-neck round bottom flask, equipped with a magnetic stirrer bar, thermometer and 
condenser was charged with l , 2 -6 /5 (4 -formylphenoxy)ethane [8 a] (120.71 g, 0.45 
mol), 3-chloroperoxybenzoic acid (MCPBA) (300.63 g, 1.74 mol), and DCM (900 
cm^). The mixture was stirred at room temperature for 4 hours under these conditions 
and under a nitrogen blanket. A milky suspension was formed and the resultant 
reaction mixture was treated with saturated (aq) NaHC0 3  (600 cm^). After ~2 hours 
and when the mixture had stopped effervescing, the DCM layer was collected and the 
aqueous layer washed with DCM. The organic layers were combined and washed with 
1 0 % Na2 S2 0 3  (aq), followed by water, then and finally dried over sodium sulphate. 
The solvent was removed by rotary evaporation and under reduced pressure to obtain 
a crude product. A white crystalline solid was obtained by recrystallisation from warm 
methanol and the product collected by filtration and dried in a desiccator with P2 O5 
under reduced pressure. The product was analysed using FT-IR (ATR) and ^H NMR 
(300 MHz in CDCI3) spectroscopy, elemental analysis and m.p. determination.
300 MHz H NMR 6h (CDCI3 , ppm from TMS): assignments refer to structure 
shown in Scheme 3.4[9a], 8.28 (IH, s, C-H due to oxy aldehyde), 7.08-7.05 (4H, d, Jh
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= 8 . 8  Hz, Ar-H ortho to oxy aldehyde link); 6.97-6.94 (4H, d, Jh = 9.3 Hz, Ar-H and 
meta to oxy aldehyde links); 4.31 (4H, s, C-H between ether links para  to oxy 
aldehyde links).
Yield = 109.39 g (81.0 %), m.p. = 133 -  135 T .
Elemental analysis calculated for CiôHhOôI 
Theoretical: C 63.57 %, H 4.67 %
Actual 1 : C 63.41 %, H 4.56 %
Actual 2: C 63.40 %, H 4.46 %
2 3 ,7. Preparation of l,2-bis(4-hydroxyphenoxy)ethane [1 OaJ (n =  1, step 3)
A round bottom flask, equipped with a magnetic stirrer bar, thermometer and 
condenser was charged with l , 2 -ô/5 (4 -formyloxyphenoxy)ethane [9a] (108.02 g, 0.36 
mol), NaOH (57.18 g, 1.43 mol), EtOH (800 cm^) and water (300 cm^). The mixture 
was stirred and heated to reflux (130°C) for 24 hours under these conditions and under 
a nitrogen blanket. The reaction mixture was left to cool to room temperature before 
neutralising with hydrochloric acid (3 M) forming a solid. The solid product was 
extracted into dichloromethane (DCM). The DCM layers were combined and washed 
with water and dried over sodium sulphate. The solvent was removed by rotary 
evaporation and under reduced pressure to obtain a crude product. A solid was 
obtained by recrystallisation from warm ethanol and water and then the product 
collected by filtration and dried in a desiccator with P2 O5 under reduced pressure. The 
product was analysed using FT-IR (ATR) and ^H NMR (300 MHz in CD3 OD) 
spectroscopy, elemental analysis and m.p. determination.
300 MHz H NMR Ôh (CD3 OD, ppm from TMS): assignments refer to structure 
shown in Scheme 3.4[10a], 6.82-6.79 (4H, d, Jh = 8 . 8  Hz, Ar-H ortho to hydroxy 
link); 6.72-6.69 (4H, d, Jh=  8 . 8  Hz, Ar-H and meta to hydroxy links); 4.18 (4H, s, C- 
H between ether links para  to hydroxy links).
Yield = 70.25 g (79.8 %), m.p. = 2 1 3 -2 1 5  °C.
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Elemental analysis calculated for C14H 14O4 :
Theoretical: C 68.28 %, H 5.73 %
Actual 1 : C 67.87 %, H 5.92 %
Actual 2: C 67.90 %, H 5.69 %
2,3.8. Preparation of l,2-bis(4-cyanatophenoxy)ethane [11a] (n =  1, step 4)
A 3-neck round bottom flask, equipped with a magnetic stirrer bar, dropping funnel 
and a drying tube, was charged with 1,2-6f^(4-hydroxyphenoxy)ethane [10a] (69.82 g, 
0.28 mol) and cyanogen bromide (66.07 g, 0.62 mol). The reactants were dissolved in 
acetone (800 cm^) and the solution cooled to below -5 in a methanol/cardice bath. 
Triethylamine (63.18 g, 0.62 mol) was added dropwise via the dropping funnel to the 
stirring solution, at a rate such that the reaction mixture was maintained below -5  °C. 
After the addition o f triethylamine, the reaction mixture was left stirring for 30 
minutes and then allowed to warm to room temperature. The mixture was washed, by 
fast stirring, with water to remove triethylamine hydrobromide (the principal by­
product). The product was extracted with DCM and washed with water. The organic
product layer was dried over sodium sulphate and the solvent removed by rotary
evaporation to give the crude product. A light yellow solid was obtained by 
recrystallisation from a 50/50 mixture o f ethanol and water. The product was analysed 
using FT-IR (ATR) and NMR spectroscopy (300 MHz in CDCI3 ), elemental 
analysis and m.p. determination.
300 MHz H NMR 6h (CDCI3 , ppm from TMS): assignments refer to structure 
shown in Scheme 3 .4[lla ], 7.26-7.23 (4H, d, Jh = 9.3 Hz, Ar-H ortho to cyanate 
link); 7.02-6.97 (4H, d, Jh=  9.3 Hz, Ar-H and meta to cyanate links); 4.33 (4H, s, C- 
H between ether links para  to cyanate links).
Yield = 79.02 g (94.1 %), m.p. = 1 1 8 -1 2 0  T .
Elemental analysis calculated for C16H12N2 O6 :
Theoretical: C 64.86 %, H 4.08 %, N 9.46 %
Actual 1 : C 64.48 %, H 3.82 %, N  9.23 %
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Actual 2: C 64.49 %, H 3.81 %, N 9.27 %
2.3.9. Preparation o f 2,2-bis(4-formylphenoxy)diethylether via 4- 
hydroxybenzaldehyde. [8b] (n = 2, step 1)
A 3-neck round bottom flask, equipped with a magnetic stirrer bar, thermometer and 
condenser was charged with 4-hydroxybenzaldehyde (77.70 g, 0.64 mol), 
dichloroethane (i.e. n = 2, 45.5 g, 0.32 mol), potassium carbonate (175.88 g, 1.27 
mol) and DMF (400 cm^). The mixture was stirred and heated to reflux (110 °C) for at 
least 48 hours under these conditions and under a nitrogen blanket. The reaction 
mixture was left to cool to room temp before extracting into DCM and water added. 
The DCM product layer was removed and the aqueous layer washed with DCM. The 
DCM layers were combined and washed with water and dried over sodium sulphate. 
The solvent was removed by rotary evaporation and under reduced pressure to obtain 
a crude product. A light yellow crystalline solid was obtained by recrystallisation 
fi'om warm diethyl ether and then the product collected by filtration and dried in a 
desiccator with P2 O5 under reduced pressure. The product was analysed using FT-IR 
(ATR) and NMR (300 MHz in CDCI3 ) spectroscopy, elemental analysis and m.p.
determination.
300 MHz H NMR Ôh (CDCI3 , ppm from TMS): assignments refer to structure 
shown in Scheme 3.4[8b], 9.89 (IH, s, C-H due to aldehyde), 7.84-7.81 (4H, d, Jh =
8 . 8  Hz, Ar-H ortho to aldehyde link); 7.03-7.00 (4H, d, ^ =  8 . 8  Hz, Ar-H and meta to 
aldehyde link); 4.26-4.23 (4H, t, Jh ~  4.5 Hz, C-H between ether links para  to 
aldehyde links); 3.99-3.96 (4H, t, Jh = 4.5 Hz, C-H between ether links in the centre 
of the molecule).
Yield = 90.25 g (90.3 %), m.p. = 1 3 0 -1 3 2  T .
Elemental analysis calculated for CigHigOg:
Theoretical: C 68.78 %, H 5.77 %
Actual 1 : C 67.63 %, H 5.81 %
Actual 2: C 67.64 %, H 5.70 %
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2.3.10. Preparation of 2,2^-bis(4-formyloxyphenoxy)diethylether [9b] (n= 2, step2)
A 3-neck round bottom flask, equipped with a magnetic stirrer bar, thermometer and 
condenser was charged with 2 ,2 '-/?/5 '(4 -formylphenoxy)diethylether [8 b] (88.94 g, 
0.28 mol), 3-chloroperoxybenzoic acid (MCPBA) (190.47 g, 1.10 mol) and DCM 
(800 cm^). The mixture was stirred at room temperature for 4 hours under these 
conditions and under a nitrogen blanket. A milky suspension was formed and the 
resultant reaction mixture was treated with saturated (aq) NaHCOs (500 cm^). After 
~2 hours and when effervescence had subsided, the DCM layer was collected and the 
aqueous layer washed with DCM. The organic layers were combined and washed with 
10% Na2 S2 0 3  (aq), followed by water, then brine and dried over sodium sulphate. The 
solvent was removed by rotary evaporation and under reduced pressure to obtain a 
crude product. A light yellow crystalline solid was obtained by recrystallisation from 
warm methanol and the product collected by filtration and dried in a desiccator with 
P2 O5 under reduced pressure. The product was analysed using FT-IR (ATR) and 
NMR (300 MHz in CDCI3 ) spectroscopy, elemental analysis and m.p. determination.
300 MHz H NMR Ôh (CDCI3 , ppm from TMS): assignments refer to structure 
shown in Scheme 3.4[9b], 8.28 (IH, s, C-H due to oxy aldehyde), 7.06-7.03 (4H, d, Jh 
= 9.3 Hz, Ar-H ortho to oxy aldehyde link); 6.94-6.91 (4H, d, Jh = 9.3 Hz, Ar-H and 
meta to oxy aldehyde links); 4.16-4.13 (4H, t, Jh = 4.5 Hz, C-H between ether links 
para  to oxy aldehyde links); 3.94-3.91 (4H, t, Jh = 4.5 Hz, C-H between ether links in 
the centre o f the molecule).
Yield = 80.84 g (82.5 %), m.p. = 6 7 -6 9  °C.
Elemental analysis calculated for CigHigO?:
Theoretical: C 62.42 %, H 5.24 %
Actual 1: C 62.07 %, H 5.16 %
Actual 2: C 62.10 %, H 5.10 %
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2.3.11. Preparation of 2,2*-bis(4-hydroxyphenoxy)diethylether [10b] (n =  2, step 3)
A round bottom flask, equipped with a magnetic stirrer bar, thermometer and 
condenser was charged with 2 ,2 '-6 /5 (4 -formyloxyphenoxy)diethylether [9b] (79.93 g, 
0.23 mol ), NaOH (36.92 g, 0.92 mol), EtOH (600 cm^) and water (200 cm^). The 
mixture was stirred and heated to reflux (130°C) for 24 hours under these conditions 
and under a nitrogen blanket. The reaction mixture was left to cool to room 
temperature before neutralising with hydrochloric acid (3 M). The product was 
extracted into DCM and the aqueous layer washed with DCM. The organic layers 
were combined and washed with water and dried over sodium sulphate. The solvent 
was removed by rotary evaporation and under reduced pressure to obtain a crude 
product. A light brown solid was obtained by recrystallisation from warm ethanol and 
water and then the product collected by filtration and dried in a desiccator with P2 O5 
under reduced pressure. The product was analysed using FT-IR (ATR) and ^H NMR 
(300 MHz in CD3 OD) spectroscopy, elemental analysis and m.p. determination.
300 MHz H NMR 6 h (CD3 OD, ppm from TMS): assignments refer to structure 
shown in Scheme 3.4[10b], 6.80-6.77 (4H, d, Jh = 8.9 Hz, Ar-H ortho to hydroxy 
link); 6.70-6.67 (4H, d, Jh = 8.9 Hz, Ar-H and meta to hydroxy links); 4.07-4.04 (4H, 
t, Jh ~ 4.5 Hz, C-H between ether links closest to Ar-0 para  to hydroxy links); 3.86- 
3.83 (4H, t, 4.5 Hz, C-H between ether links in the centre o f the molecule).
Yield = 45.18 g (67.4% ),m.p. = 9 5 - 9 7 °C.
Elemental analysis calculated for CiôHigOs:
Theoretical: C 66.19 %, H 6.25 %
Actual 1 : C 65.74 %, H 6.61 %
Actual 2: C 65.78 %, H 6.41 %
2.3.12. Preparation of 2 ,2-bis(4-cyanatophenoxy)diethytether [11b] (n =  2, step 4)
A 3-neck round bottom flask, equipped with a magnetic stirrer bar, dropping funnel 
and a drying tube, was charged with 2 ,2 ’-ô/5 (4 -hydroxyphenoxy)diethylether [10b]
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(44.36 g, 0.16 mol) and cyanogen bromide (36.98 g, 0.35 mol). The reactants were 
dissolved in acetone (300 cm^) and the solution cooled to below -5 °C in a 
methanol/cardice bath. Triethylamine (35.44 g, 0.35 mol) was added dropwise via the 
dropping funnel to the stirring solution, at a rate such that the reaction mixture was 
maintained below -5  °C. After the addition o f triethylamine, the reaction mixture was 
left stirring for 30 minutes and then allowed warming to room temperature. The 
mixture was washed, by fast stirring, with water to remove triethylamine 
hydrobromide (the principal by-product). The product was extracted with DCM and 
washed with water. The organic product layer was dried over sodium sulphate and the 
solvent removed by rotary evaporation to give the crude product. An off-white solid 
was obtained by recrystallisation from a 50/50 mixture o f ethanol and water. The 
product was analysed using FT-IR (ATR) and NMR (300 MHz in CDCI3 ) 
spectroscopy, elemental analysis and m.p. determination.
300 MHz H NMR 8 h (CDCI3 , ppm from TMS): assignments refer to structure 
shown in Scheme 3 .4[llb ], 7.23-7.18 (4H, m, Jh = 9.3 Hz, Ar-H ortho to cyanate 
link); 6.98-6.93 (4H, m, Jh = 9.3 Hz, Ar-H and meta to cyanate links); 4.17-4.13 (4H, 
t, Jh = 4.5 Hz, C-H between ether links closest to Ar-0 para  to cyanate links); 3.94- 
3.91 (4H, t, Jh = 4.5 Hz, C-H between ether links in the centre o f the molecule).
Yield = 47.78 g (97.9 %), m.p. = 109 -  111 °C.
Elemental analysis calculated for C18H16N 2 O5 :
Theoretical: C 63.52 %, H 4.74 %, N  8.23 %
Actual 1 : C 62.93 %, H 4.63 %, N 7.97 %
Actual 2: C 63.09 %, H 4.63 %, N  7.99 %
2.3,13. Preparation of l,2-bis[2-(4-formylphenoxy)ethoxy]ethane via 4- 
hydroxybenzaldehyde. [8c] (n =  3, step 1)
A 3-neck round bottom flask, equipped with a magnetic stirrer bar, thermometer and 
condenser was charged with 4-hydroxybenzaldehyde (68.15 g, 0.56 mol), 
dichloroethane (i.e. n = 3, 52.20 g, 0.28 mol), potassium carbonate (154.26 g, 1.12
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mol) and DMF (400 cm^). The mixture was stirred and heated to reflux (110 °C) for at 
least 48 hours under these conditions and under a nitrogen blanket. The reaction 
mixture was left to cool to room temp before extracting into DCM and water added. 
The DCM product layer was removed and the aqueous layer washed with DCM. The 
DCM layers were combined and washed with water and dried over sodium sulphate. 
The solvent was removed by rotary evaporation and under reduced pressure to obtain 
a crude product. A very light brown crystalline solid was obtained by recrystallisation 
in warm diethyl ether and the product was collected by filtration and dried in a 
desiccator with P2 O5 under reduced pressure. The product was analysed using FT-IR 
(ATR) and NMR (300 MHz in CDCI3 ) spectroscopy, elemental analysis and m.p.
determination.
300 MHz H NMR 6 h (CDCI3 , ppm from TMS): assignments refer to structure 
shown in Scheme 3.4[8c], 9.88 (IH, s, C-H due to aldehyde), 7.84-7.81 (4H, d, Jh = 
8 .8 , Ar-H ortho to aldehyde link); 7.02-7.00 (4H, d, Jh = 8.2, Ar-H and meta to 
aldehyde link); 4.23-4.19 (4H, t, Jh = 4.5, C-H between ether links para  to aldehyde 
links); 3.91-3.88 (4H, t, 4.5, C-H between ether links closest to Ar-0 -CH2 ); 3.76 
(4H, s, C-H at centre o f the molecule).
Yield = 85.89g (85.9 % ),m.p. = 6 3 -6 5  T .
Elemental analysis calculated for C2 0 H2 2 O6 :
Theoretical: C 67.03 %, H 6.19 %
Actual 1 : C 65.87 %, H 6.14 %
Actual 2: C 65.80 %, H 5.98 %
23.14. Preparation of l,2-bis[2-(4-formyloxyphenoxy)ethoxy]ethane [9c] (n =  3, 
step 2)
A 3-neck round bottom flask, equipped with a magnetic stirrer bar, thermometer and 
condenser was charged with l , 2 -6 /5 [2 -(4 -formylphenoxy)ethoxy]ethane [8 c] (82.62 g, 
0.23 mol), 3-chloroperoxybenzoic acid (MCPBA) (155.19 g , 0.90 mol) and DCM 
(800 cm^). The mixture was stirred at room temperature for 4 hours under these
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conditions and under a nitrogen blanket. A milky suspension was formed and to the 
resultant reaction mixture was treated with saturated (aq) NaHCOs (500 cm^). The 
DCM layer was collected after ~2 hours and when the mixture had stopped 
effervescing. The aqueous layer was washed using DCM. The organic layers were 
combined and washed with 1 0 % Na2 S2 0 3  (aq), followed by water, then brine and 
dried over sodium sulphate. The solvent was removed by rotary evaporation and 
under reduced pressure to obtain a crude product. An off-white solid was obtained by 
recrystallisation from methanol and the product collected by filtration and dried in a 
desiccator with P2 O5 under reduced pressure. The product was analysed using FT-IR 
(ATR) and NMR (300 MHz in CDCI3 ) spectroscopy, elemental analysis and m.p.
determination.
300 MHz H NMR 6 h (CDCI3 , ppm from TMS): assignments refer to structure 
shown in Scheme 3.4[9c], 8.27 (IH, s, C-H due to oxy aldehyde), 7.05-7.02 (4H, d, Jh 
= 9.3, Ar-H ortho to oxy aldehyde link); 6.93-6.90 (4H, d, Jh = 8 .8 , Ar-H and meta to 
oxy aldehyde links); 4.13-4.10 (4H, t, Jh = 4.5, C-H between ether links para  to oxy 
aldehyde link); 3.88-3.86 (4H, t, Jh = 4.5, C-H between ether links closest to Ar-0- 
CH2 ); 3.75 (4H, s, C-H at centre o f the molecule).
Yield = 70.09 g (77.9 %), m.p. = 3 4 -3 6  T .
Elemental analysis calculated for C2 0 H2 2 O8 :
Theoretical: C 61.53 %, H 5.68 %
Actual 1 : C 60.72 %, H 5.88 %
Actual 2: C 60.72 %, H 5.76 %
2.3.15. Preparation of l,2-bis[2-(4-hydroxyphenoxy)ethoxy]ethane [10c] (n =3, step
3)
A round bottom flask, equipped with a magnetic stirrer bar, thermometer and 
condenser was charged with 1,2-/?w[2-(4-formyloxyphenoxy)ethoxy] ethane [9c] 
(68.89 g, 0.18 mol), NaOH (28.23 g, 0.71 mol), ethanol (75 cm^) and (25 cm^). The 
mixture was stirred and heated to reflux (130°C) for 24 hours under these conditions
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and under a nitrogen blanket. The reaction mixture was left to cool to room 
temperature before neutralising with hydrochloric acid (3 M). The product was 
extracted into DCM and the aqueous layers washed with DCM. The organic layers 
were combined and washed with water and dried over sodium sulphate. The solvent 
was removed by rotary evaporation and under reduced pressure to obtain a crude 
product. A light yellow needle like crystalline solid was obtained by recrystallisation 
from warm ethanol and water and then the product collected by filtration and dried in 
a desiccator with P2 O5 under reduced pressure. The product was analysed using FT-IR 
(ATR) and NMR (300 MHz in CD3 OD) spectroscopy, elemental analysis and m.p.
determination.
300 MHz H NMR Ôh (CD3 OD, ppm from TMS): assignments refer to structure 
shown in Scheme 3.4[10c], 6.79-6.76 (4H, d, Jh = 9.3, Ar-H ortho to hydroxy link); 
6.71-6.67 (4H, d, Jh = 8 .8 , Ar-H and meta to hydroxy links); 4.04-4.00 (4H, t, Jh =
4.5, C-H between ether links closest to Ar-0 para  to hydroxy link); 3.80-3.77 (4H, t, 
Jh = 4.5, C-H between ether links closest to Ar-0 -CH2 ); 3.70 (4H, s, C-H at centre o f  
the molecule).
Yield = 50.27 g (85.2 %), m.p. = 108 -  110 °C.
Elemental analysis calculated for C18H2 2 O6 :
Theoretical: C 64.66 %, H 6.63 %
Actual 1 : C 64.38 %, H 6.90 %
Actual 2: C 64.41 %, H 6.84 %
2.3.16. Preparation of l,2-bisf2-(4-cyanatophenoxy)etho^Jethane [11c] (n =  3, step
4)
A 3-neck round bottom flask, equipped with a magnetic stirrer bar, dropping funnel 
and a drying tube, was charged with l,2-6z^[2-(4-hydroxyphenoxy)ethoxy]ethane 
[10c] (49.58 g, 0.15 mol) and cyanogen bromide (34.56 g, 0.33 mol). The reactants 
were dissolved in acetone (500 cm^) and the solution cooled to below -5 °C in a 
methanol/cardice bath. Triethylamine (33.05 g, 0.33 mol) was added dropwise via the
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dropping funnel to the stirring solution, at a rate such that the reaction mixture was 
maintained below -5  °C. After the addition o f triethylamine, the reaction mixture was 
left stirring for 30 minutes and then allowed warming to room temperature. The 
mixture was washed, by fast stirring, with water to remove triethylamine 
hydrobromide (the principal by-product). The product was extracted into DCM and 
washed with water. The organic product layer was dried over sodium sulphate and the 
solvent removed by rotary evaporation to give the crude product. An off-white solid 
was obtained by adding a 50/50 mixture o f ethanol and water. The product was 
analysed using FT-IR (ATR) and NMR (300 MHz in CDCI3 ) spectroscopy, 
elemental analysis and m.p. determination.
300 MHz H NMR Ôh (CDCI3 , ppm from TMS): assignments refer to structure 
shown in Scheme 3 .4 [llc], 7.22-7.19 (4H, m, Jh = 9.3, Ar-H ortho to cyanate link); 
6.96-6.93 (4H, m, Jh = 9.3, Ar-H and meta to cyanate links); 4.14-4.11 (4H, t, Jh =
4.5, C-H between ether links closest to Ar-O para  to cyanate link); 3.88-3.85 (4H, t, 
Jh = 4.5, C-H between ether links closest to Ar-O-CHi); 3.75 (4H, s, C-H at centre o f  
the molecule).
Yield = 54.36 g (95.37 %), m.p. = 5 9 -6 1  "C.
Elemental analysis calculated for C2 0H20N 2 O6 :
Theoretical: C 62.49 %, H 5.24 %, N  7.28 %
Actual 1 : C 62.34 %, H 5.13 %, N 7.17 %
Actual 2: C 62.41 %, H 5.15 %, N  7.18 %
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2.4. Polymer preparation
2.4.L Procedure for blending
Prior to selecting the blend compositions for analysis, an initial assessment was made 
o f the compatibility o f the individual components within the proposed blends. This 
assessment was based on a calculation reported by Fedors'*^  (and based on the 
Hildebrand solubility parameter, Ôh), ôh = (AEyA^ )^ ^^ , where
/ i
(Aci and Av, are the additive atomic group contributions for the energy o f vaporisation 
and the molar volume respectively at a given temperature). This additive method 
essentially produces a calculated solubility parameter, 5h, which depends on the 
nature o f functional groups/moieties within the monomer/polymer blend structure(s). 
Where the calculated values o f ôh for the two components are similar, this implies 
that they will be compatible. This simple method should only be taken as an initial 
guide to the ambient temperature compatibility o f the components o f the blend. It is 
not intended to determine the dynamics o f the mixing o f the components during the 
cure, which may be influenced by a number o f factors and may lead to a complex 
phase diagram. On this basis, Ôh was calculated for the monomers and polymers 
giving the values in Table 2.1 below.
Table 2.1 Solubility parameter Ôh for monomers and polymers
5„(MPa'°)
monomers polymers
AroCy® BIO 25.20 26.69
Sulphone type 26.99 28.23
Alkylene ether type n = 1 26.24 28.11
Alkylene ether type n = 2 25.29 26.85
Alkylene ether type n = 3 24.57 25.91
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Comparing the values given in Table 2.1, one would expect each o f the synthesised 
monomer components to be compatible with AroCy® B-10 and indeed with each 
other. AroCy® B-30, which being a prepolymer contains a larger proportion of 
triazine rings, should be more compatible with the Z?/5 -4 -(4 -cyanatophenoxy)phenyl 
sulphone monomer and alkylene ether monomer n = 1 , as ôh would be higher than 
that o f AroCy® BIO.
Prior to incorporation in the dicyanate, the co-catalyst package, comprising 
aluminum(III) acetylacetonate (Al(acac)3 ), and dodecylphenol in the molar ratio of 
1:25, was first homogenised by heating to 80°C (in a vial in a water bath) before 
cooling to room temperature. The co-catalysts were then introduced into the 
dicyanate monomers by mixing in a pestle and mortar at room temperature to a 
homogeneous mixture (see Table 2.2 for molar ratios). The ensuing blends were used 
in the thermal analyses directly after incorporation o f the co-catalysts. Storage o f  
catalysed blends was undertaken in a refrigerator (+5 °C) with care being taken to 
minimise the exposure o f the blends to atmospheric moisture.
Table 2.2 A list of catalyst and monomer molar ratios
Molar ratio
Monomers/blends Al(acac)a dodecylphenol monomer
AroCy® BIO 1 25 1000
Sulphone 1 25 1000
Sulphone + AroCy® BIO 1 25 1000
Siloxane (X-22-1821) 1 25 1000
Siloxane (X-22-1822) 1 25 1000
Alkylene ether n = 1 1 25 2000
Alkylene ether n = 2 1 25 2000
Alkylene ether n = 3 1 25 2000
Alkylene ether n = 1 + AroCy© BIO * 1 25 1000
Alkylene ether n = 2 + AroCy© BIO * 1 25 1000
Alkylene ether n = 3 + AroCy© BIO * 1 25 1000
* The ratios shown here are that o f catalysed BIO monomer, as the ethoxy monomers were
introduced to the blend uncatalysed.
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2.4.2. Cure schedule
Arylene ether sulphone dicyanate polymer preparation
An aluminium-covered, stainless steel plate with a pre-cut silicone rubber template o f  
dimensions 50 x 50 x 1 mm ,^ heated on a hot plate to 100°C. Each blend was placed in 
one o f these templates and allowed to melt; sufficient sample was added to cover the 
entire volume o f the template. The monomers and blends were heated as neat melts to 
ensure that voids did not occurs during the cure process due to trapped air or solvents 
released, as this can be harmful to the properties o f the polymer. Another aluminium- 
covered, stainless steel plate was placed on top to enclose the mould. The neat melt 
monomers and blends were then transferred to a vented oven under N 2  and cured at 
150°C/lh, 180°C/5h and finally at 250°C/5h.
Alkylene ether dicvanate polymer preparation
A glass slide was placed and clipped over a glass slide-covered high temperature 
silicone adhesive slide with a pre-cut PTFE template o f dimensions 35 x 10 x 1 mm ,^ 
and heated in an oven to 230°C to remove residual solvent in the adhesive. This 
ensured that the PTFE adhered to the glass. The prepared moulds were placed on a hot 
plate at 90°C for n = 1, at 80°C for n = 2 and at 60°C for n = 3. Each blend was placed 
in one of these templates and allowed to melt, sufficient sample was added to cover 
the entire volume o f the template. The monomers and blends were heated as neat 
melts to ensure that voids did not occurs during the cure process due to trapped air or 
solvents released, as this can be harmful to the properties o f the polymer. The neat 
melt monomers and blends were then transferred to a vented oven under air and cured 
at 180°C/lh and finally at 230°C/lh.
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2.4.3, Density measurements
The density o f each cured polymer sample (Table 2.3) o f the arylene ether sulphone 
dicyanate was measured using the Archimedes’ principle (by measuring displacement 
o f fluid from an immersion tank) at room temperature (25°C). Using a Mirage 
Trading Co., Ltd. SD200L electronic densimeter.
Table 2.3Density of cured polycyanurates as a function of blend composition for 
poly(6w-4-(4 cyanatophenoxy)phenyl sulphone) [2], poly(2,2-6fr(4- 
cyanatophenyl)propane) [1 2 ] and selected blends thereof.
Blend
composition
[1 2 ]:[2 ]
Density at 25®C 
(gcm’^ )
1 0 0 : 0 1.2124
75:25 1.2741
50:50 1.2837
25:75 1.3262
0 : 1 0 0 1.3443
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2.5. Thermal and mechanical analysis methods"*
A variety o f techniques was employed to assess the thermal and mechanical 
characteristics o f the blends and these were assessed with respect to polycyanurate 
homopolymers.
2.5.L Differential scanning calorimetry (DSC) experimental method
DSC experiments were performed on the catalysed and uncatalysed cyanate esters of  
the synthesised sulphone monomer and the commercially available AroCy® BIO 
monomer. The instrument employed in this investigation to make these measurements 
was a Perkin-Elmer Pyris 1 DSC controlled by a Dell Optiplex Gn  ^computer, running 
Pyris software for windows version 3.03. Samples {ca. 3.5 ± 0.5 mg) were 
encapsulated in crimped aluminium pans. The instrument employed to investigate the 
catalysed and uncatalysed cyanate esters o f the synthesised alkylene ether dicyanate 
monomers and blends was a TA instruments DSC QlOO series controlled by a Viglen 
computer, running TA Q series advantage software. Samples {ca. 4.5 ± 0.5 mg) were 
encapsulated in crimped aluminium pans. These instruments use a power- 
compensated method, where both the sample and reference materials are maintained 
at the same temperature using independent supplies. The energy differences between 
the sample and reference are recorded against temperature. A baseline is recorded by 
running two empty pans before running the sample. The baseline is subtracted from 
the recorded thermal event obtained from the sample run giving the deviation that has 
occurred in either an exothermic or endothermie direction. The operating range o f this 
instrument was restricted to 600°C because aluminium pans were used.
Prior to running any tests, the sample chamber was heated to 600°C in air in an effort 
to bum off any sources o f contamination that may have accumulated from previous 
runs. Following the cleaning, several calibration procedures were employed. A  
dynamic scan was run to confirm a static baseline for an empty chamber, followed by 
a temperature calibration using indium. An empty sample pan and lid were used as the
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reference. Once the sample was prepared, testing ensued. A set o f dynamic scans was 
undertaken to determine the melting temperature o f the monomers, total heat of 
reaction and the temperature range for the isothermal scans. Samples were placed in 
the heating chamber at room temperature ca. 25°C and the ‘run’ program was set to 
heat to 40°C and held for one minute. Data recording began when the cell temperature 
was at the desired temperature using a variety o f heating rates (5, 10, 15, and 20 K 
min )^, at a temperature range o f 35-350°C. All measurements were made under N 2  
with a continuous flow rate o f 2 0  cm  ^min"^  (for arylene ether sulphone backbone) and 
30 cm  ^ min'  ^ (for alkylene ether backbone) from the start. Once the test had 
concluded, the heating chamber was cooled to room temperature and the sample 
removed ready for the next sample to be tested.
2.5.2. Dynamical mechanical thermal analysis (DMTA) experimental method
This is a stress/strain measurement in which the cured polymer sample is exposed to a 
sinusoidally-varying stress at a fixed frequency and the strain is recorded. For 
completely elastic materials the strain is in phase with the stress and for purely 
viscous materials the strain lags the stress by 90° (out o f phase). Polymers are 
viscoelastic to a greater or lesser extent depending on the temperature at which they 
are analysed, so it is convenient to resolve the behaviour into an “in-phase” (elastic­
like) component (governed by the storage modulus, E’ or G’) and an “out-of-phase” 
(viscous-like) component (governed by the loss modulus, E” or G”). The phase angle 
(lag o f strain behind stress) may be usefully described by the “loss tangent” (tan ô = 
E”/E’). This then relates to the “recovery” or “damping” o f the polymer under test. 
DMA measurements for sulphonyl polymers were undertaken in tensile mode on 
cured neat resin and blend samples o f 5 x 0.5 x 35 mm  ^ using a Rheometrics solids 
analyser RSAII with Rheometrics environmental controller unit. Temperature scans 
were performed between -150 and 350°C at 5 K/min with frequency o f 1 Hz. Alkyl 
ether polymers were undertaken in bending mode on cured neat resin and blend 
samples o f 10 x 1 x 30 mm  ^ using a Polymer Laboratories Dynamic Mechanical 
Thermal Analyser with Polymer Laboratories environmental controller unit. 
Temperature scans were performed between -150 and 300°C at 5 K min"^  with a 
frequency o f 1 Hz.
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2.5.3. Thermomechanical analysis (TMA) experimental method
Thermomechanical information can be obtained by measuring penetration, extension, 
flexure and torsional deformation. Penetration is the measure o f expansion and/or 
contraction o f a sample under compression as a function o f temperature. In contrast, 
the sample is under tension in extension mode. Two main types o f experiments are 
possible, measure o f expansion and/or contraction with temperature at a fixed load or 
fixing the temperature and varying the applied load. Information gained gives the 
ability to calculate the coeeficient o f thermal expansion (CTE) o f a material from the 
expansion curve (a plot o f change in linear dimensions against temperature) via the 
expression AL/Li = a  AT; where AL = L2  - Li, Li is the length at Ti and L2  is that 
length at T2  and a  is the CTE. Measurements were undertaken using a Seiko 
Instruments Inc. EXSTAR6000 TMA/SS6000 and calibrated using quartz crystal with 
a known CTE, before starting on the cured neat resin samples o f ca. 0.7-1.1 x 5 x 5 
mm .^ Set to penetration mode, a probe weight o f 0.5 g (4.9 mN) was used to 
penetrate an analysis area o f 9.026 mm ,^ with the sample on a quartz support. This 
instrument has a high load capability up to 600 g for analysis o f thick, stiff samples. 
The instrument also has a wide displacement range (+/- 5000 pm) for continuously 
monitoring large sample dimensional changes.
2.5.4. Thermogravimetric (TG) analysis experimental method
Thermogravimetric analysis is the measure o f thermal stability by means o f weight 
loss by combustion o f the sample at a constant heating rate under a chosen 
atmosphere gas and plotting the percentage mass loss against temperature. It gives the 
operator an idea o f what reactions might be occurring during degradation and by 
inference what mechanism, (this is achieved by coupling the TG instrument with 
another analytical instrument like an FT-IR spectrometer or a mass spectrometer, 
etc.) Measurements were performed using a ULVAC Sinku-Riko differential thermo­
gravimetric analyzer TGD 7000. Prior to running the sample, the sample holder 
(platinum boat) was heated at a rate o f 80 Kmin'  ^ to above 800°C to remove any 
residual material from any previous experiments and allowed to cool to room
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temperature. The shaved samples {ca. 8.7 ± 0.5 mg) o f the cured neat resin were 
measured at a heating rate o f 10 Kmin  ^ between 25 and 800°C. Measurements were 
made under N] (2 0 cm  ^min'^) using a platinum boat.
a)
b)
4^  7 mm
4.5 mm 5  .
\/
Figure 4 Platinum sample boat shapes for a) ULVAC Sinku- 
Riko TGD 7000 and b) Perkin Elmer TGA 7
2.5.5. Prediction of glass transition temperature (Tg)
The simplest method for the prediction o f Tg for some miscible and amorphous 
polymer systems is the linear relationship between the TgS o f the individual 
components. Equation 2.1,
Tg =  W \Tg\ +  W iTg2 
Equation 2.1 Linear relationship of Tg prediction
(where Tg is o f the blend, Tgi and Tg2  are o f the individual polymers, and Wi and W2  
are the weight fractions o f the individual polymers)"^ This is actually a simplified 
version of the Gordon-Taylor equation^® (Equation 2.2) where the transition 
temperature is related to the specific volumes o f the ‘rubbery’ and ‘glassy’ 
copolymers and moves linearly with temperature with their appropriate coefficient p. 
In this case, p is the volume expansion coefficients o f the individual components o f  
the polymers, which in turn gives a ratio o f the two polymers’ volume expansion 
coefficient A fijA px  denoted as k. The value A: is an empirical parameter and can be 
measured by experiments. Thus, Tg o f the blends can be predicted using the full 
Gordon-Taylor equation:
^  _  I E \Tg\ +  kW iTgi 
Wi + kWi
Equation 2.2 Gordon-Taylor Tg prediction
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Another commonly used equation that relates the Tg to composition in prediction of  
Tg is the Fox equatiofr^ (Equation 2.3):
Tg Tgi Tgi 
Equation 2.3 Fox Tg prediction
The relationship predicts that the blend is o f a lower value compared to the linear 
relationship. Many empirical equations have been suggested and according to Huang 
et a V \  the most popular equation in prediction o f Tg is the Kwei equation (Equation 
2.4):
^  WiTgi + kWiTgi ^
Wi + kW2 
Equation 2.4 Kwei Tg prediction
The addition o f q to the prediction method is an important one, as it takes into account 
the strength o f hydrogen bonding (if any) in the blends.
In this study, the linear equation. Fox equation and Gordon-Taylor equation shall be 
used in the attempt to predict the Tg of the blends studied here.
2.6. Kinetic analysis method
2.6.L Polymerisation kinetics experimental
The isothermal scans from DSC were used to determine the degree o f cure, a , as a 
function o f time and cure rate (ôa/dt) as a function o f degree o f cure (a). The simple 
order kinetic model described earlier in section 1.4 was used to determine the 
kinetic parameters Eg and A, the activation energy and the pre-exponential factor 
respectively.
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2.6.2. Degradation kinetics experimental
The data obtained from TG analysis o f the polymer blends were used to analyse the 
degradation kinetics o f the system. Parameters used include temperature and weight 
loss. Using these parameters, the fractional conversion, a , at a given temperature can 
be calculated by dividing the mass loss by the initial mass at that temperature and in 
turn the conversion rate (da/dt) can be calculated for the system(s) in question. In this 
work, an attempt has been made to determine the order o f reaction n by the Coats- 
Redfem integral method.
For n = \ :
log - lo g
l - a
~ T ^ )
= log
A R 1- 2.R.T
“a y 23.R.T
where P is the heating rate (degree/time) and A is the pre-exponential factor
For n I
log = log
A R 1- 2.R.T
y 23.R.T
A  plot o f the left-hand side o f the equations against 10 /^T, allows the activation 
energy Eg and the pre-exponential factor to be obtained.
2.6.3. Modelling o f  polymerisation and degradation kinetics using the 
MODELMAKER® program.
The obvious limitation with the approaches used above is that they presuppose that 
the order o f reaction is known (and is an integer value) and does not vary throughout 
the degradation process. This is clearly not realistic for such a complex series of 
reactions and consequently this project has taken another approach to determining the 
kinetics o f the polymerisation and degradation processes directly from the differential 
equations. In polymerisation kinetics this method tries to take into account the step- 
growth reaction that occurs during polymerisation and diffusion effects that may 
occur towards the end o f the reaction. As for degradation kinetics, it takes into
University o f Surrey, Guildford, Surrey, GU2 7XH, England, UK. © 2005 Paul Klewpatinond
Chapter 2 Experimental and Methodology 5 2
account the number o f species that occur during degradation. The process assumes 
that the monomer and polymer systems consist o f a number o f reactive species, 
reacting independently o f each other to form a single product by simple Arrhenius 
kinetics with activation energies and orders o f reactions o f^ i, E\, n\, A2 , E2 , etc. 
We can thus write the kinetic equation for the process as:
iEl
where kn is the rate constant at temperature T and R is the universal gas constant 
The rate o f reaction at temperature T is then:
Differentiating equation [1] with respect to temperature gives:
k E  —
and, if  we plot extent o f reaction against temperature, we can use the relationship 
dT
— =1 to solve equations [2] and [3] simultaneously for any number o f concurrent 
dt
processes, using numerical methods (in this case ModelMaker v3.2 from Cherwell 
Electronics). The results o f this approach will be discussed later in Chapter 3.
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2.7. Molecular simulation methodology
Three dimensional (3D) models o f cyanate ester resins were constructed using a 
Silicon Graphics workstation running Cerius^ (version 2) software, using a force-field 
newly developed by Allington et al. for cyanate esters^ ’^^ ". The popular force-field 
DREIDESIG 2.21, supplied as an integral part o f the Cerius  ^software from Molecular 
Simulation Inc., by Goddard et aV^ was used as the basis for the new force-field. 
DREIDING 2.21 incorporates united atom theory^ *^ ,^ which is essentially a means of 
reducing the number o f atoms {i.e. explicit hydrogen atoms) in a calculation. The new 
parameters for equilibrium bonding terms were obtained from analyses o f X-ray 
crystal structure data and then used to describe the yp/w-triazine molecular fragment. 
Described below, are the two force fields used in this work for the modelling o f  
polycyanurates.
2.7.1. Dreiding 2.21 force field
Goddard et al. developed this generic force field using parameters that are deliberately 
restricted to very simple rules to enable the prediction o f structures for molecules with 
little or no experimental data. This allows reasonably accurate predictions to be made 
for novel combinations o f elements. It also allows prediction o f structures and 
dynamics of organic, biological and main-group inorganic molecules. It also provides 
a more accurate representation o f polymeric structures, as models are built atom by 
atom. Elements in the Dreiding force field are the atom types. Each atom type uses a 
five-character label; the first two denote the element {e.g. Ga), with an underscore for 
elements with one letter {e.g. C_); the third indicating hybridisation or geometry [1 = 
linear sp  ^ {e.g. C l in acetylene), 2 = trigonal sp^ {e.g. C_2 in ethylene), 3 = 
tetrahedral sp  ^ {e.g. C 3 in ethane) and R = resonance delocalised sp  ^ {e.g. C_R in 
benzene).
The united atom approach is incorporated into the atom types, hydrogens are not 
considered explicitly in the calculations. The fourth character indicates the number of
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implicit hydrogens associated with the element (e.g. C_32 = sp  ^ carbon with 2 
implicit hydrogen atoms).
0_R C_R^^ N _ R \
C R '^C  R C R "C R,n T n T
N_R ^ N _ R  C_Ri R
C R c_R r
Figure 2.2 The j /^M-triazine ring system with atom typing assigned by the Dreiding2.21
force field.
Atom typing using the Dreiding force field gives a structure shown in Figure 2.2, with 
the y^/w-triazine being fully conjugated as in a benzene ring. All C-N bond lengths are 
the same and the internal bond angles centred on both the nitrogen and carbon are the 
same. This is summarised in Table 2.4 below.
Table 2.4 Default bond distances and angles using the Dreiding2.21 force field.
Bond Distances (Â) Bond Angles (°)
C-N c-o 0-C C-N-C N-C-N N-C-0 c-o-c O-C-C
Dreiding 2.21 1.350 1.360 1.360 120.0 120.0 120.0 120.0 120.0
2.7.2. RDA-DR2.21_Inv force fieldf22Error! Bookmark not defined.,S3
Allington et have developed a unique force field especially designed for
modelling the 5 7 /w-triazine ring o f cyanate esters with increased accuracy. By looking 
at the crystal structure data o f 1 2  molecules containing at least 1 aym-triazine ring, he 
found that the jyzM-triazine ring is not planar and not the expected hexagonal shape o f  
a delocalised system like benzene.
In this force field, new atom types have been added for the modelling o f the sym- 
triazine ring and the bridging oxygen. The introduction o f the new term ‘Tr’ 
represents the geometry o f C, N and bridging O atoms o f the triazine ring.
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Incorporation o f the new atom types is shown in the structure o f Figure 2.3. Using this 
force field gave C_Tr-N_Tr varying bond distances around the ring giving an average 
of 1.322Â and the C_Tr-0_Tr bond distance averaged 1.337 Â, a reduction (fi*om 
Dreiding2.21) in both cases o f 0.028 and 0.023 Â respectively. Internal bond angles 
centred on nitrogen are reduced fi*om 1 2 0 ° to 1 1 2 ° and those that are centred on 
carbon increased firom 120° to 127°. Every other distance and angle are set to those in 
the Dreiding2.21 force field.
^N_Xr^ ^0_Tr^ ^C_R^ ^
C Tr Tr R "C Rn
N_Tr /N _ T r  C_R, R
Tr^ "C _R ^
Figure 2.3 The sy/if-triazine ring system with atom typing assigned by the RDA-
DR2.21 Inv force field.
The differences in bond distances and angles cause the ring to be distorted slightly 
into what resembles a chair conformation o f cyclohexane. These atom types were 
used in the modelling o f all structures presented in this work.
2,7.3. Model building
All models were built up on an atom-by-atom basis to form a 3D network and the 
energy minimised by conjugate gradients using the modified Dreiding2.21 force field 
(RDA-DR2.2l lnv force field) developed by Allington et a l^  ûrôove®"'”’’ 
defined, -phis wus usod in conjunction with the Qeq®^  charge calculation. The 2D model 
was built first using two jym-triazine rings, which gave 4 bonding points. The original 
cell was then converted to a primitive superlattice o f PI symmetry, giving a 3D model 
of 4 jym-triazine rings and leaving 6  bonding points for a 3D crystal cell. To ensure 
that the 3D model was within periodic boundary conditions (PBC), two cells were 
visualised in the x-axis by moving necessary bonds close to one another and cell 
boundaries removed. By allowing the software to auto-calculate bonds, the cell
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boundaries were replaced and periodic boundaries were set up. This was repeated for 
both the y- and z-axes, forming a 3D polymeric model with PBC (Figure 2.4).
Figure 2.4 Representation of model building method.
Once the 3D model was present, cell parameters (lengths and angles) were allowed to 
vary while at the same time minimising the energy by steepest descents o f both the 
unit cell structure and polymer structure. A ^perfecf structure (for the given 
conformation) o f polycyanurate {i.e. 1 0 0  % cure o f the monomer has been achieved) 
was formed after the energy minimisation (of a given conformation to give a local 
minimisation) procedure and left the structure with zero internal and external stress. 
Unit cells o f the commercial polycyanurates AroCy LIO, AroCy BIO and XU-366 
models have been studied^ "'. The current work is concerned with analysis o f the 
commercial models above for their mechanical and dynamical properties and to build 
and analyse the synthesised CE with a sulphone containing backbone and alkyl ether 
containing backbone.
2 .7.4. Molecular dynamics analysis
The MD module^ ’^^® in Cerius  ^ was used to simulate the glass transition temperature 
(Tg) by monitoring changes in cell volume, while keeping the number o f atoms 
present, pressure and total energy constant. The volume change at a specified 
temperature was recorded after a period o f 50 ps or 50,000 simulation steps. 
Simulations were initially conducted at zero Kelvin and thereafter at 100 K intervals 
up to a maximum of 1000 K. The changes in cell volume were plotted using the 
volume thermal expansion coefficient (VTEC) - (dV-Vo)ZdV (where V= unit cell 
volume at that temperature and Vo is the original unit cell volume) against a working 
range o f temperature, typically 300-800 K. A linear fit was made to the plot and the
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intercept between the linear plot and the point o f greatest step increase in volume gave 
the Tg o f the polymer. Further improvements were made to this method in 
collaboration with H. Shortley, results o f which will be discussed in Chapter 7. In this 
improved method, the volume change at a specified temperature was recorded after a 
period o f 250 ps or 250,000 simulation steps. Simulations were initially conducted at 
700 K and thereafter at 100 K intervals to a minimum of 200 K and changes in cell 
volume were plotted against the entire working range o f temperature.
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Chapter 3 Synthesis results and discussion
In this chapter, the results o f the synthetic methods described in chapter 2 are reported 
and discussed.
3.1. Synthesis of Ais-4-(4-cyanatophenoxy)phenyl sulphone [2]
OH [1]
Cyanogen bromide,
Triethylamine,
acetone,
DMAc, <5°C
[2]
Scheme 3.1 Synthetic route to ^/y-4-(4-cyanatophenoxy)phenylsulphone [2]
Cyanation was carried out on (Z?/5'-(4 ’-hydroxy-4 -phenoxyphenyl)sulphone [1]), using 
a well reported method^ ^^ ^^  ^shown in Scheme 3.1. The method was optimised for this 
synthesis as, at the low temperatures necessary for the preparation, the dihydroxy 
monomer [1 ] dropped out o f solution, both from acetone and dichloromethane 
(DCM); this occurred typically at temperatures below -5°C. The effects of  
concentration and mobility at low temperatures appear to be very important for this 
monomer and necessitated modifications to be made to the synthetic procedure. A 
small quantity o f A,JV-dimethylacetamide (DMAc) was added (just enough to dissolve 
the solid, ca. 1 0  cm^) to increase low temperature solubility o f [1 ], but kept to a 
minimum since removal o f large volumes o f this solvent would be problematic at the 
conclusion o f the synthesis.
Once solubility was achieved, the speed o f the triethylamine addition was such as to 
maintain temperatures below -5®C and to control the exothermic reaction that occurs 
during the addition. An additional point to note is that this particular preparation 
involves the immersion o f the newly cyanated monomer in a methanol/water mixture
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during work-up. It was found, during an early experiment, that hydrolysis of the 
cyanate (to form the corresponding phenol) was appreciable even at ambient 
temperature and so a brief washing step was employed. The crude, solid dicyanate [2] 
was placed in a vacuum desiccator at room temperature with phosphorus pentoxide 
(P2 O5) to remove any adsorbed moisture and eliminate residual bromoethane (another 
side product arising from the von Braun reaction” when using cyanogen bromide).
The cyanation procedure has been shown to be a very successful one, giving a highly 
pure product of yield >90%. The purity can be seen from the elemental analysis and 
melting point, supported by FT-IR and NMR spectroscopy (shown below).
3.1.1. Fourier transform infrared (FT-IR) spectroscopy
140
§120
'0100
OH
OCN
4000 3500 3000 2500 2000
wavenumber cm'^
1500 1000 500
-a ) O H  b) OCN
Figure 3.1 FT-IR (ATR) of a) ô/5 -4 -(4 -hydroxyphenoxy)phenyIsulphone (Scheme 3.1, 
[1]); b) Aw-4-(4-cyanatophenoxy)phenylsuIphone (Scheme 3.1, [2])
As seen from Figure 3.1b above, the peaks o f interest appear at 2238 and 2285cm"\ 
These clearly indicate the presence o f the -OCN stretching handsel In addition, the 
sharp peak at 3350cm"  ^ (Figure 3.1a) from the -OH stretching band in the starting 
material has disappeared, suggesting total synthesis. This is supported by H^ NMR 
analysis (Figure 3.3). The 0 -C N  stretching band appears to be split into two resolved 
bands and appears to be similar to that o f p-cumylphenylcyanate. The shape o f the 
stretching bands is mainly dependent on the crystal structure adopted by the molecule
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in question and the packing in the solid state that occurs, thus restricting the rotational 
motion o f the cyanate group.
3.L2. Proton nuclear magnetic resonance (^HNMR) Spectroscopy
Hd He Hb Ha Ha Hb Ho Hd
-OH®®H0
HdHd He Hb Ha Ha Hb He
Ib.c.d
T
ppm
Figure 3.2 H NMR spectrum (in CD3OD) of hydroxy-capped monomer A/s-4-(4- 
hydroxyphenoxy)phenylsuIphone [1] via methoxyphenol (S = NMR solvent, CD3OD)
The NMR spectrum in Figure 3.2 represents the starting monomer [1], showing a 
very clean sample. The -OH protons resonate at 4.88 ppm and are partially obscured 
by the CD3 OD proton signal. The material [1] was cyanated to give a clean product 
[2] as seen in Figure 3.3. Two important points to note are, firstly, that there is no 
indication from the spectrum that the product [2 ] still contains the starting material [1 ] 
{i.e. there is no -OH peak), confirming total synthesis. This supports the observation 
indicated by the FT-IR spectra in Figure 3.1. Secondly, the electron withdrawing 
effect o f the nitrogen has caused the peaks to be shifted downfield by about 0 . 2  ppm.
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He HbHd Ha Ha Hb He Hd
HdHd Ho Hb Ha Ha Hb He
Figure 3.3 H NMR spectrum (in CDCI3) of cyanate-capped monomer bis-4-{A- 
cynatophenoxy)phenylsulphone (Scheme 3,1, step 3) (S = NMR solvent, CDCI3)
3.2. Dicyanato derivative of hydroxy-terminated silicones X-22-1821 
and X-22-1822
HO—/ -S i-0- -Si C.H,4  ^^ 8
CHg CH,
-OH [3]
Cyanogen bromide, 
Triethylamine, 
acetone, <5°C
C.H2  ^^ 4
ÇH3 ,
-S i-0 -  
^^3 CH,
-Si CH -O— 14]
X-22-1821 n = 39.3 [3a, 4a]
X-22-1822 n = 62.9 [3b, 4b]
Scheme 3.2 Synthetic route to cyanation of [3a and 3b]
The synthetic route in Scheme 3.2 was a successful one. The reaction was carried out 
using the neat hydroxy-terminated monomers, since it is believed that the large 
backbones trap the OH end groups, leading to a reduction in the available active sites. 
The optimised method was found to be best if  an approximate 2:1 ratio was used for
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acetone and monomer respectively. Furthermore, it was found to be very important to 
wash the product in water for a long period o f time to effect full removal of the 
triethylamine hydrobromide generated from the reaetion, whieh might be trapped in 
the backbone. If this was not done, then the triethylamine hydrobromide solid 
precipitated out o f the solution after a period o f time.
3.2.L Dicyanate of X-22-1821 [4a]
3.2.1.1. Fourier transform infrared (FT-IR) spectroscopy
160 T
140 ' 
6120  -  
%100 -
OCN
4000 3500 3000 2500 2000 1500 1000 500
wavenumber eni-1 a) O H  b)OCN
Figure 3.4 FT-IR (ATR) spectra of X-22-1821 a) OH-terminated (Scheme 3.2, [3a]); b)
OCN-terminated (Scheme 3.2, [4a])
FT-IR spectroscopy was once again employed to show the presence o f the OCN 
stretching band, which cannot be seen clearly in Figure 3.4(b). This is due to the long 
siloxane backbone causing the OCN group and OH groups to appear in very low 
relative eoncentrations. An expanded view of the OCN stretehing band area is shown 
more clearly in Figure 3.5, indicating the presenee of the OCN stretching band at 
2240-2280cm'^ (Figure 3.5(b)). It is not elear whether the OH peak is absent from the 
product [4a], H^ NMR spectroscopy was used to prove its absence.
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wavenumber cm’ a) O H  b) OCN
Figure 3.5 Partial FT-IR (ATR) spectra of X-22-1821 a) OH-terminated (Scheme 3.2, 
[3a]); b) OCN-terminated (Scheme 3.2, [4a]), expanded view
3.2.L2. Proton nuclear magnetic resonance ^HNMR)
7.4 ppm
Figure 3.6 Partial H NMR spectra of X-22-1821 (in CDCI3) a) OH terminated b) OCN
terminated
The choice o f NMR solvent and internal standard was very important for the analysis 
of the siloxane monomers. Initially, CDCI3 with TMS were used as the NMR solvent 
and internal standard respectively, to analyse both the OH- and OCN- terminated 
monomers. This solvent proved to be inefficient in accurately and fully resolving the 
peaks necessary to characterise the samples fully. Examining Figure 3.6a, the CDCI3
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peak at 7.25 ppm for the OH-terminated monomer appears, which was not resolved in 
Figure 3.6b for the cyanated monomer.
The other problem results from the use o f TMS as an internal standard. TMS 
resonates at approximately zero ppm and protons attached to the silicone also resonate 
around the zero ppm mark. Owing to the long siloxane backbone, the large peak 
generated by the protons on silicone overlap with those o f TMS, thereby preventing 
the spectra from being centred on the TMS peak. This prevents the determination of 
an accurate integral for the protons on the silicone chain. With the above in mind, the 
decision was taken to use dg-acetone with no internal standard, but instead to use the 
multiplet associated with the acetone peak at 2.05 ppm to determine chemical shifts 
because no peaks from the compound being analysed appear at this region.
In the X-22-1821 OH-terminated monomer [3a], the relative concentration effect 
makes it very difficult to view the peaks, as seen in Figure 3.7. The protons from the 
methyl groups bonded to the silicone are clearly seen, but little else is visible. An 
expanded view o f the whole spectrum is shown in Figure 3.8. Expansion o f the 
aromatic region in Figure 3.9 clearly shows the fully resolved peaks. Expansion o f the 
aliphatic region in Figure 3.10 also provides a well-resolved spectrum. Giving the 
highly improved resolution provided by dg-acetone, the solvent was used to analyse 
all siloxane monomers.
Hf, He ,HfHe.
V^ 3 Hb He He HdHd Hb
HO
H fH f He He
ppm
Figure 3.7 H NMR spectrum (de-Acetone) of X-22-1821 hydroxy-capped monomer
(Scheme 3.2 [3a]) (S = NMR solvent)
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0 ppm
Figure 3.8 Expanded H NMR spectrum (dô-Acetone) of X-22-1821 hydroxy-capped 
monomer (Scheme 3.2 [3a]) (S = NMR solvent)
7.4 7.2 7.0 6.8 6.6 ppm
Figure 3.9 Expanded H NMR spectrum (dg-Acetone) of X-22-1821 hydroxy-capped 
monomer (Scheme 3.2 [3a]) (S = NMR solvent)
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2.02.5 1.5 1.0 ppm
Figure 3.10 Expanded H NMR spectrum (dg-Acetone) of X-22-1821 hydroxy-capped 
monomer (Scheme 3.2 [3a]) (S = NMR solvent)
The NMR spectrum of the cyanated X-22-1821 monomer is presented in Figure 
3.11 & Figure 3.12. Apart from the obvious shift downfield o f the aromatic protons as 
a result o f the presence of the cyanate group (Figure 3.13), the protons meta to OCN 
are more affected by the cyanate group and are now overlapping with protons ortho to 
the cyanate group. Protons in the aliphatic region (Figure 3.14) have also shifted 
downfield, but the downfield shift lessens considerably the closer they are situated to 
the siloxane backbone. For instance, the cyanate group does not appear to affect the 
methyl protons on silicone at 0.14 ppm; this is probably due to the very large size o f  
the backbone in question.
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Figure 3.11 H NMR spectrum (dg-Aeetone) of X-22-1821 cyanate-capped monomer
(Scheme 3.2 [4a]) (S = NMR solvent)
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Figure 3.12 Expanded H NMR spectrum (dg-Acetone) of X-22-1821 cyanate-capped 
monomer (Scheme 3.2 [4a]) (S = NMR solvent)
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7.67.8 7.4 7.2 ppm
Figure 3.13 Expanded H NMR spectrum (dg-Acetone) of X-22-1821 cyanate-capped 
monomer (Scheme 3.2 [4a]) (S = NMR solvent)
2.5 2.0 1.0 ppm
Figure 3.14 Expanded H NMR spectrum (dg-Acetone) of X-22-1821 cyanate-capped 
monomer (Scheme 3.2 [4a]) (S = NMR solvent)
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3.2.2. Dicyanate of X-22-1822 [4b]
3.2.2.1. Fourier transform infrared (FT-IR) spectroscopy
140
5120
IlOO
I  80 
60 OCN
4000 3500 3000 2500 2000
wavenumber cm'^  .
1500 1000 500
-a )  O H  b)OCN
Figure 3.15 FT-IR (ATR) spectra of a) X-22-1822 OH-terminated (scheme 2, [3b]); b) X- 
22-1822 OCN-terminated (Scheme 3.2, [4b])
The FT-IR spectra o f the longer o f the two siloxane monomers X-22-1822 (Figure 
3.15) indicate (albeit weakly) the presenee of the OCN stretching band. A better view 
of this can be seen in the expanded view in Figure 3.16, giving an OCN stretehing 
band at 2245-2285em'\ This is consistent with that of the X-21-1821 cyanated 
monomer and those bands that have been reported^ ^^ ^^ .^
102
OCN
2500 2450 2400 2350 2300 2250 2200 2150 2100 2050 2000
wavenumber cm' a) O H  b) OCN
Figure 3.16 Partial FT-IR (ATR) spectra of a) X-22-1822 OH-terminated (Scheme 3.2, 
[3b]); b) X-22-1822 OCN-terminated (Scheme 3.2, [4b]), expanded view
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3.2.2.2. Proton nuclear magnetic resonance H  NMR) spectroscopy
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Figure 3.17 H NMR spectrum (de-Acetone) of X-22-1822 hydroxy-capped monomer
(Scheme 3.2 [3b]) (S = NMR solvent)
In common with the X-22-1821 compounds, dô-acetone was used to obtain good, 
reliable spectra from X-22-1822 compounds. It is seen from Figure 3.17 - Figure 3.20 
that the peaks for [4a] are well resolved in both the aromatic and aliphatic regions. 
When the very large peak at 0.14 ppm is expanded vertically, the baseline noise is 
accentuated (Figure 3.20).
Hf^ .He  ^ He. H f
Hd Hb C H f %  Hb He He Hd
HO
Hd Hb CH, p u a  Hb He He Hd 
H f He ^  He H f
OH I
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1
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a
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Figure 3.18 Expanded H NMR spectrum (dg-Acetone) of X-22-1822 hydroxy-capped 
monomer (Scheme 3.2 [3b]) (S = NMR solvent) expanded
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7.1 7.07.4 7.3 12 6.9 6.8 6.7 6.6 ppm
Figure 3.19 Expanded H NMR spectrum (de-Acetone) of X-22-1822 hydroxy-capped 
monomer (Scheme 3.2 [3b]) (S = NMR solvent)
2.5 2.0 1.5 1.0
Figure 3.20 Expanded H NMR spectrum (dg-Acetone) of X-21-1822 hydroxy-capped 
monomer (Scheme 3.2 [3b]) (S = NMR solvent)
X-22-1822 has a backbone that is more than double the length o f that making up X- 
22-1821. Therefore, the relatively small concentration o f terminal groups means it is 
even more difficult to view the other peaks in the spectra (Figure 3.17 and Figure 
3.21). Again, the cyanated X-22-1821 monomer has the Ar-H peaks overlapping 
around 7.35-7.35 ppm (Figure 3.23). The aliphatic peaks have shifted downfield 
(Figure 3.24) in a similar way to X-22-1821. The peaks at 1.70 and 0.65 ppm are less 
affected by the OCN group and more affected by the backbone, as they do not appear 
to have shifted at all.
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Figure 3.21 H NMR spectrum (de-Acetone) of X-22-1822 cyanate-capped monomer
(Scheme 3.2 [4b]) (S = NMR solvent)
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Figure 3.22 Expanded H NMR spectrum (dg-Acetone) of X-22-1822 cyanate-capped 
monomer (Scheme 3.2 [4b]) (S = NMR solvent, R = reaction solvent) expanded
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7.8 7.6 7.4 7.2
Figure 3.23 Expanded H NMR spectrum (de-Acetone) of X-22-1822 cyanate-capped 
monomer (Scheme 3.2 [4b]) (S = NMR solvent)
IMWHHW
Figure 3.24 Expanded H NMR spectrum (de-Acetone) of X-22-1822 cyanate-capped 
monomer (Scheme 3.2 [4b]) (S = NMR solvent)
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3.3. Synthesis of alkylene ether backbone dicyanate systems via 4- 
methoxyphenol
2m MeO-
\ \  y
•OH
Step 1
m  01— 0 — 0 —0 —0 — 0 — 01
DMAc
K2CO3
120-160°0, Ng, 20h
n =  2
m  MeO-
H, L H, H, H
OMe [5]
‘2 ■ '2 '  '2 '  '2 n = 2
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-80 °0
m HO
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H, L H., H, -1° H.
[71
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Scheme 3.3 Proposed synthetic route to 2 ^ -6fx(4-cyanatopheno^)diethyIether [7]
A successful preparation (Scheme 3.3) o f the dimethoxy-terminated alkylene ether 
(2 ,2 '-Z7/5 (4 -methoxyphenoxy)diethylether [5]) was carried out as shown by FT-IR and 
NMR spectroscopy. A relatively pure sample has been obtained as seen by the 
narrow melting range and the elemental analysis agreement with the theoretical 
values.
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3,3,L Fourier transform infrared (FT-IR) Spectroscopy
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Figure 3.25 FT-IR (ATR) of 2^*-bis(4-methoxyphenoxy)diethylether (Scheme 3.3, [5])
As seen from Figure 3.25 above, the peaks o f interest appear at 2900 and 2750 cm"\ 
This clearly indicates the presence o f the C-H stretching bands *^ in OCH3 . The 
spectrum indicates a dry sample with no water peak appearing at 3500 cm"\ This is 
supported by NMR analysis (Figure 3.26).
3.3,2, Proton nuclear magnetic resonance fHNMR) Spectroscopy
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Figure 3.26 H NMR spectrum (in CDCI3) of methoxy-capped monomer (2,2'-A/s(4-
methoxyphenoxy)diethylether) [5]
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The NMR spectrum in Figure 3.26 represents the molecule [5], showing a very 
clean sample. The ethyl protons close to Ar are represented by two sets o f triplets at 
4.10-4.06 and 3.86-3.82, while the protons associated with the ethane residue between 
the ether links in the centre o f the molecule are represented by a singlet at 3.75 ppm 
partially obscuring singlet of-O CH 3 protons appearing at 3.76 ppm.
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3.4. Synthesis of alkylene ether backbone dicyanate systems via 4- 
hydroxybenzaldehyde
2m ^ C  ^/)— OH + m Cl— C—C—Cl
O
step 1
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Reflux 110®C24h
/ /
O
Step 2
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CH 
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a =  -C H ^ C H p -(n = l)  b =-CHjCHjOCHjCH p-(n = 2 )
c=  -CHjCHjOCHjCHjOCHjCHp- (n = 3)
Scheme 3.4 Synthetic route to alkylene ether dicyanates [11a, b, c]
A series o f three alkylene ether dicyanates structures n = 1, 2, 3 [11a, b, c] were 
successfully prepared by the same four step reaction pathway in good yields (Scheme 
3.4). This method employed a very different end group for protection o f the backbone
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structure. In section 3.3 a methoxy end-group was used which proved to be very
difficult to remove without breaking the alkyl ether backbone links. In this improved 
method, an aldehyde was used as the end-groups. The first step was a combination 
and modification o f reported methods o f ether synthesis of hydroxyaldehydes by 
different authors, Jiang et prepared the dialdehyde n = 1 by reacting 
dibromoethane and 4-hydroxybenzaldehyde with LiH as the reducing agent in EtOH 
at 78 °C over 2.5days. A similar reaction was carried out by Simion et al.^  ^using a 2% 
NaOH solution as the base and refluxed in EtOH for 72 hours, then over ice for a 
further 24 hours. The dialdehyde n = 3 was synthesised by Guilani et al.^  ^Na metal 
dissolved in EtOH and refluxed overnight. While the second and third steps were 
modified from that o f Nagvekar et where they reported the conversion of
aldehyde end groups to hydroxy end groups via oxyaldehyde end groups.
Reactions for the synthesis o f alkylene ether dicyanates n = 1, 2, 3 were scaled up 
from a 10 g to 40 g then to 100 g preparations. All scale up reactions gave comparable 
results to those o f the initial reactions. For the purpose o f this study, the analyses of 
the final scale up preparations o f the three dicyanates are shown below and were used 
for the polymer preparations.
3.4,L Analysis o f  dialdehyde capped molecules (Scheme 3.4, [8a, b, cj)
The preparations o f all three backbones were carried out using the same methods but 
with some variations in reaction time and reaction work-up method which are 
presented in chapter 2 .
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3.4.1.1. Fourier transform infrared (FT-IR) spectroscopy analysis
 n =  1
 n = 2
 n = 3
4000 3750 3250 3000 2750 2500 22503500 2000 1750 1500 750 5001250 1000
Figure 3.27 FT-IR spectra o f dialdheydes produced in Stepl (shown for different
backbone lengths n = 1 , 2 ,3 )
The peaks o f interest in this first step are the peaks produced by the aldehyde and 
ether backbone structures. As can be seen from the spectra in Figure 3.27 the CH2  
stretching bands for the alkyl ether backbone appear at 2900 cm '\ along with the 
aromatic and aliphatic ether stretching at around 1 2 0 0  cm'  ^ and 1 1 0 0  cm'  ^
respectively. This is an indication that the backbone structure was successfully created 
in this reaction. The two aldehydic C-H stretching bands are around 2800 cm"\ 
producing the first overtone at around 1390 cm'  ^ and are accompanied by a strong 
carbonyl stretching band at around 1670 cm"\ This is good evidence o f the presence 
of the aldehyde group, especially when the first overtone does not shift significantly 
from 1390 cm '\ The distinctive band frequencies were used as “flags” for the 
presence or the absence o f a characteristic group and the assignments o f the 
absorption bands o f the FT-IR spectrum o f n = 1 through 3 are shown in Table 3.1.
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Table 3.1 FT-IR assignments for dialdehydes produced in Step 1 for n = l ,  n = 2, n = 3
Assignment
n = 1 [Sa] n = 2  [8 b] n = 3 [8 c]
wavenumber cm'^
Ar-H stretching 3066 3078 3079
Aliphatic -CH2- stretching o f  
the ethyl group
2946-2925 2938-2886 2956-2899
C-H stretching in aldehyde 2855-2760 2842-2755 2839-2751
C=0 stretching in aldehyde 1677 1685-1675 1694-1679
Ring skeleton 1600-1507 1601-1510 1600-1509
Ahphatic CH2 scissor 1463-1455 1481-1459 1478-1457
First overtone aldehydic C-H 
bending vibrations
1394 1399 1395
ROR aromatic ether 1244-1211 1255-1216 1250-1216
ROR aliphatic ether 1155-1066 1153-1080 1158-1042
1,4 substituted benzene ring
829-818 840 836out-of-plane bending
It can be seen from the table above that the FT-IR has shown strong evidence for the 
presence o f the respective structures. The analysis of NMR below further supports 
the evidence given above.
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3.4.1.2. Proton nuclear magnetic resonance NMR) Spectroscopic analysis
Hb
T T T
Figure 3.28 H  NMR spectrum (in CDCI3 ) o f dialdehyde terminated n = 1 (S = NMR
solvent)
NMR analysis was carried out on product [8 a] for which the spectrum is 
represented in Figure 3.28. The reaction was successful and produced a relatively 
high-yielding, clean product with a small amount o f work-up DCM residue at 5.27 
ppm. The electronegativity o f the oxygen atoms on either side o f the ethyl backbone 
produced a singlet downfield from ca. 3.7 ppm for 1,2-dichloroethane to 4.45 ppm. 
The increase is also due to the deshielding effects o f the ether oxygens and benzene 
rings. The inductive effect o f the oxygen on the aldehyde further deshields the two 
protons on the benzene ring closest to the aldehyde causing the protons to shift 
downfield, while the ether backbone effect causes the ring protons closest to it to 
move upfield.
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HcHb Ha O
Figure 3.29 H NMR spectrum (in CDCI3) of dialdehyde terminated n = 2 (S = NMR
solvent)
The NMR spectrum o f product [8 b] is presented in Figure 3.29. The reaction was 
successful and produced a relatively high-yielding, clean product with a small amount 
of work-up DCM residue at 5.27 ppm. The methlylene groups are now non­
equivalent, the electronegativity effects o f the aryl ether oxygen atoms on either side 
of the backbone have been reduced, producing a triplet downfield from 4.45 ppm [8 a] 
to 4.26-4.23 ppm. The reduced deshielding effects o f the ether oxygens and benzene 
rings are due to the electropositive methylene from the aliphatic ether link. There is 
now only one oxygen atom affecting the shielding o f the methylenes in the aliphatic 
ether, thus the triplet is more upfreld at 3.99-3.96 ppm. The effects on the aldehyde 
and benzene ring protons are minimal as a very slight change was recorded.
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r
Figure 3.30 H NMR spectrum (in CDCI3) of dialdehyde terminated n = 3 (S = NMR
solvent)
The NMR spectrum o f product [8 c] is presented in Figure 3.29. The reaction was 
successful and produced a relatively high-yielding, clean product with a small amount 
of work-up DCM residue at 5.27 ppm. The methlylene groups are now totally 
inequivalent, the electronegativity effects o f the aryl ether oxygen atoms on either side 
of the backbone have further been reduced, producing a triplet downfield from 4.26- 
4.23 ppm [8 b] to 4.23-4.19 ppm. The deshielding effects o f the ether oxygens and 
benzene rings have only sightly reduced because o f the increase in electropositive 
influence o f the backbone. Shielding o f the methlylene protons next to the aryl ether 
methylene has also increased to give a triplet at 3.91-3.88 ppm. The ethyl protons at 
the centre o f the molecule are affected most by the electronegativity o f the 
surrounding oxygens and because o f their symmetry, a singlet is observed at 3.76 
ppm.
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3,4,2. Analysis o f  Step 2 oxyaldehyde capped monomer
3.4.2.1. Fourier transform infrared (FT-IR) spectroscopic analysis
 n =  1
 n = 2
 n = 3
4000 3750 3500 3250 3000 2750 2500 2250 2000 1750 1250 10001500 750 500
Figure 3.31 FT-IR spectra of di(oxyaldheyde)s produced in Step2 (shown for different
backbone lengths n = 1,2,3)
Now that it has been established that the backbone is in fact in all three compounds, 
the peaks o f interest in this second step are the peaks produced by the formate and 
ether backbone structures. As can be seen from the spectra in Figure 3.31 the CH2  
stretching bands for the alkyl ether backbone appear at 2900 cm"\ along with the 
aromatic and aliphatic ether stretching at around 1 2 0 0  cm'  ^ and 1 1 0 0  cm'  ^
respectively. The formation o f the formate has not significantly shifted the absorption 
of these peaks from the previous aldehyde compounds and this is an indication that 
the backbone structure was kept intact in this reaction. The two aldehydic C-H 
stretching bands are around 2800 cm'^  and these are now absent from the spectrum. 
The carbonyl stretching band is now being observed at around 1700 cm’  ^ for the 
formate. This is accompanied by C-0 aromatic stretching in formates at around 1280 
cm '\ giving good evidence o f the presence o f the formate group. Especially when the 
first overtone o f aldehyde C-H is now absent from 1390 cm"\ The distinctive band 
frequencies for the presence o f a characteristic group and the assignments o f the 
absorption bands o f are shown in Table 3.2 for the FT-IR spectrum o f n = 1 through 3.
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Table 3.2 FT-IR assignment of di(oxyaldehyde) produced in Step 2 forn = 1, n = 2, n = 3
Assignment
n = 1 n = 2 n = 3
wavenumber cm'^
Ar-H stretching 3075 3079 3089
Aliphatic -CH2- stretching 
o f the ethyl group
2954-2931 2943-2833 2948-2878
C=0 formate stretching 1737-1696 1739-1716 1732-1695
Ring skeleton 1609-1506 1609-1502 1608-1506
Aliphatic CH2 scissor 1453-1380 1476-1449 1457-1447
-CO.OR aromatic formate 
stretching
1297 1283 1281
ROR aromatic ether 1246-1185 1250-1195 1251-1221
ROR aliphatic ether 1168-1068 1166-1120 1173-1070
1,4 substituted benzene ring 
out-of-plane bending
821-810 824 807
S.4.2.2. Proton nuclear magnetic resonance ^HNMR) spectroscopic analysis
o f  di(oxyaldehyde) capped preparation
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Figure 3.32 H NMR spectrum (in CDCI3) of di(oxyaldheyde) terminated n = 1 (S
NMR solvent)
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The inductive and anisotropic effects o f the C=0 appear to have a minimal affect on 
the ring protons. Introduction o f the oxygen para  to the ether oxygen has increased 
the electronegativity on the ring protons causing them to move upfield to 7.08-7.05 
ppm and 6.97-6.94 ppm relative to thesignals o f benzene at 7.27 ppm. Calculated 
substituent effects o f -OH on para  substituted benzene forces the signal upfield by a 
ca. 0.2 ppm and is evident from the spectra in Figure 3.32. The same effect has also 
moved the ethyl signals upfield from 4.45 ppm to 4.31 ppm.
Hd HcHb Ha O
Figure 3.33 H NMR spectrum (in CDCI3) of di(oxyaldheyde) terminated n = 2 (S =
NMR solvent)
The addition o f an oxygen atom at the centre o f the backbone has affected the ring 
protons very slightly. Most affected are the closer methylene protons, moving them 
upfield from 3.99-3.96 ppm to 3.94-3.91 ppm and the aryl ether methylene protons 
from 4.26-4.23 ppm to 4.16-4.13 ppm. This addition does not cause any shift o f the 
proton on the carbonyl fragment between products [9a, 9b].
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HdHc
Figure 3.34 H NMR spectrum (in CDCI3) of di(oxyaldheyde) terminated n = 3 (S =
NMR solvent)
Again, the slight increase in electronegativity o f the backbone has caused a shift o f all 
protons upfield. Most clearly affected are the ring protons He (Figure 3.34) having 
shifted upfield from 7.84-7.81 ppm to 7.05-7.02 ppm, this is due to the lessened 
inductive and anisotropic effects o f the carbonyl oxygen.
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3.4,3. Analysis o f Step 3 dihydroxy capped monomer
3.4.3.1. Fourier transform infrared (FT-IR) spectroscopic analysis
 n =  1
 n“ 2
 n = 3
3750 3500 3250 2750 2500 22504000 3000 2000 1750 1500 1250 1000 750 500
Figure 3.35 FT-IR spectra of dihydroxys produced in Step 3 (shown for different
backbone lengths n = 1 , 2 ,3)
As can be seen from the spectra in Figure 3.35 the CH2  stretching bands for the alkyl 
ether backbone again appear at around 2900 cm"\ along with the aromatic and 
aliphatic ether stretching at around 1200 cm'  ^and 1100 cm'  ^respectively. The formate 
group has now been removed as evident from the spectra above. In place now are OH 
end groups which appear in the spectra at around 3340 cm"\ The carbonyl groups 
have been removed totally and they do not appear around 1600-1700 cm"\ This is an 
indication that the reaction successfully produced the biphenyl derivative without 
destroying the ether backbone structure. The distinctive band frequencies for the 
presence of a characteristic group and the assignments o f the absorption bands o f are 
shown in Table 3.3 for the FT-IR spectrum of n = 1 through 3.
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Table 3.3 FT-IR assignments of dihydroxys from Step 3 for n = l ,  n = 2, n = 3
Assignment
n = 1 n = 2 n = 3
wavenumber cm-1
0-H stretching 3330 3353 3352
Ar-H stretching 3068-3041 3101-3038 3088-3036
Aliphatic -CH2- stretching of 
the ethyl group 2945-2876 2927-2881 2956-2879
Ring skeleton 1608-1509 1609-1506 1603-1513
Aliphatic CM2 scissor 1452-1369 1456-1448 1475-1444
ROR aromatic ether 1268-1209 1265-1210 1269-1221
ROR aliphatic ether 1172-1069 1175-1159 1175-1111
1,4 substituted benzene ring 
out-of-plane bending 829-815 832-819 820
3.4.3.2. Proton nuclear magnetic resonance f H  NMR) Spectroscopic analysis
o f  dihydroxy capped preparation
HO
-OH
Figure 3.36 H NMR spectrum (in CD3OD) of dihydroxy terminated n = 1 (S = NMR
solvent)
Now that all the effects from the any carbonyl group have been removed, only 
electronegative oxygen affects result in upfield shifts o f the ring protons from 7.08- 
7.05 ppm to 6.82-6.69 ppm and from 6.97-6.94 ppm to 6.72-6.69 ppm. It is clear that
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the cleavage to -OH end groups successfully produced a clean material [10a] in good 
yield and without breaking the ether backbone. This can be said because o f the 
downfield position of the ethyl protons and no other fragments appear on the spectrum 
in Figure 3.36.
= H0
o h "
Figure 3.37 H NMR spectrum (in CD3OD) of dihydroxy terminated n = 2 (S = NMR
solvent)
The removal o f the carbonyl group has affected material [10b] ring protons by a 
similar magnitude to that o f material [1 0 a], moving them upfield by ca. 0.25ppm, 
from 7.06-7.03 ppm to 6.80-6.77 ppm and from 6.94-6.91 ppm to 6.70-6.67 ppm. 
Similarly, the electronegativity o f the backbone oxygen shifted the ethyl protons 
upfield by ca. 0.1 ppm also, as seen in Figure 3.37.
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Figure 3.38 H NMR spectrum (in CD3OD) of dihydroxy terminated n = 3 (S = NMR
solvent)
Again, the electronegative effects o f the oxygens have caused an upfield movement o f 
all protons in material [10c] by the same degree (Figure 3.38) as for materials [10a, 
b]. The -OH protons are present in materials [10a -  c] at 4.88 ppm, but are obscured 
by the deuterated methanol used as NMR solvent.
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3,4,4, Analysis o f step 4 cyanate capped monomer
3.4.4.1. Fourier transform infrared (FT-IR) spectroscopic analysis
 n =  1
 n = 2
 n = 3
2500 22504000 3750 3500 3250 3000 2750 2000 1750 5001500 1250 1000 750
Figure 3.39 FT-IR spectra of dicyanates produced in Step 4 (shown for different
backbone lengths n = 1 , 2 ,3)
As can be seen from the spectra in Figure 3.39 the CH2  stretching bands for the 
alkylene ether backbone again appear at around 2900 cm"\ along with the aromatic 
and aliphatic ether stretching at around 1200 cm'  ^ and 1100 cm’  ^ respectively. The 
OH group has now been removed as evident from the spectra above, suggesting total 
synthesis. The OCN stretching bands are clearly present at around 2270 cm"\ Again 
this indicates that the reaction successfiilly produced the dicyanate derivative without 
destroying the ether backbone structure. The OCN stretching band for n = 1 appears 
to be split into two fully resolved bands, while for n = 2  has two fully resolved bands 
with a shoulder on the band appearing at 2285 cm"\ Three fully resolved bands are 
observed for n = 3, suggesting more freedom of rotation compared to that o f n = 1 and 
n = 2. The distinctive band frequencies for the presence o f a characteristic group and 
the assignments o f the absorption bands are shown in Table 3.4 for the FT-IR 
spectrum of n = 1 through 3.
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Table 3.4 FT-IR assignments of dicyanates from Step 4 forn = 1, n = 2, n = 3
Assignment
n = 1 n = 2 n = 3
wavenumber cm-1
Ar-H stretching 3119-3070 3117-3084 3082-3069
Aliphatic -CM2- stretchingof 
the ethyl group 2952-2891 2929-2902 2949-2889
OCN stretching 2279-2238 2285-2240 2283-2239
Ring skeleton 1598-1501 1603-1498 1592-1499
Aliphatic CH2 scissor 1456-1375 1456-1376 1456-1358
ROR aromatic ether 1244-1181 1252-1182 1253-1180
ROR aliphatic ether 1169-1092 1170-1080 1126-1087
1,4 substituted benzene ring 
out-of-plane bending 819 832 817
Proton nuclear magnetic resonance NMR) Spectroscopic analysis 
o f cyanate capped preparation
 O- -O p  HaHb
HbHa Ha O
Figure 3.40 H NMR spectrum (in CDCI3) of dicyanate terminated n = 1 (S = NMR
solvent)
The material [10a] was successfully cyanated to give a clean product [11a], as seen 
in Figure 3.40 there is no evidence of any -OH material remaining in the cyanate
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product. Thus, confirming, along with FT-IR analysis, total synthesis to the dicyanate 
monomer.
HoHb Ha O
Figure 3.41 H NMR spectrum (in CDCI3) of dicyanate terminated n = 2 (S = NMR
solvent)
The cyanation o f product [10b] gave a clean high yielding product [11b] seen in 
Figure 3.41. Addition o f the -C N  group has had a downfield affect on the chemical 
shift o f the ring protons by ca. 0.3 ppm from that recorded for [10b]. This is 
consistent with literature substituent effects o f a -C N  group para  substituted on a 
benzene. The same effect is observed fi*om the spectra o f materials [11a, c]. Figure 
3.40 and Figure 3.42 respectively.
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Figure 3.42 H NMR spectrum (in CDCI3) of dicyanate terminated n = 3 (S = NMR
solvent)
In all cyanated materials, the -C N  fragment has also had a downfield effect on all 
ethyl protons in the backbone ca. 0 . 1  ppm.
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3.5. Conclusions
The synthesis o f 6z^-4-(4-cyanatophenoxy)phenylsnlphone [2] was very successful in 
producing a high yield and high purity CEM. The purity o f this monomer as indicated 
by gel permeation chromatography (GPC) is only an indication and not an absolute 
purity (unlike e.g. HPLC), as it denotes the average molecular weight(s) relative to 
polystyrene, used as a standard for calibration. However, it does indicate that within 
the bulk approximately 99.09% of the data relate to one species corresponding to the 
molecular weight o f the monomer in question. Elemental analysis is a more accurate 
account o f the purity, as the found CRN percentages are within the industry error 
standard o f 0.3% and coupled with NMR and FT-IR spectral analysis show the 
presence o f the required structure. The splitting o f aryl dicyanates (shown by FT-IR) 
is not well understood, but it has been suggested that it may be due to dipole-induced 
dimer complex formation^®, supported by X-ray diffraction studies.
The dicyanate siloxane preparation appears to be a very successful reaction when 
analysing the FT-IR and NMR spectra. However, owing to the concentration effect o f  
backbone and terminal group, the data are not sufficiently reliable to reach a firm 
conclusion concerning the absence o f the -OH group. This does not appear to be the 
case when looking at the elemental and GPC analysis, as it shows the empirical 
nitrogen percentage to lie outside the accepted standard error o f 0.3%. This may 
suggest that not all the -OH groups have undergone reaction to form -OCN, thus 
causing the nitrogen percentages o f both monomer to be at least 50% off target. 
Elemental analysis o f the two dicyanato siloxanes does not show very good agreement 
with the theoretical values calculated based on the molecular weight average data o f  
the hydroxy-siloxanes supplied by the manufacturer. This in itself is an approximation 
of theoretical CHN values and is therefore not a very good comparison for the found 
values. For this purpose, GPC was employed to indicate the number o f species present 
in the bulk and which average molecular weights were present, no other information 
is obtainable at this stage. The data presented here do not go as far as to suggest a 
complete reaction, but only point out that the reaction was successful to a degree. The 
most that can be suggested here is that, the flexibility o f the backbone is possibly 
trapping the reactive end-groups preventing them from being reacted and due to the
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concentration effect o f the backbone to end-groups, it is not possible to identify the 
reacted and unreacted end-groups accurately.
A possible method to greatly improve the synthesis would be to carry out the reaction 
under non-equilibrium conditions. Experiments would be carried out in a biphasic 
medium, consisting o f a non-polar solvent solvating the siloxane chains, and a polar 
solvent containing the cyanogen bromide. Bischoff et al.^ have suggested a similar 
reaction and go on to indicate that the silanol end-groups were mainly located near the 
interface. This might allow the cyanation to take place more successfully.
The initial preparation o f alkyl ether dicyanate (Scheme 3.3) was successful only in 
producing the first step giving 2 ,2 '-Z?/5'(4 -methoxyphenoxy)diethylether [5], but with 
high yields and purity. The main downfall o f this reaction route was the use of  
methoxy as a protecting group as it was not possible to deprotect this group without 
breaking the alkyl ether backbone using the method above^“. Bhatt et aV^ have 
designated boron tribromide (BBrg) as a type B cleavage pattern, cleavage o f the C-0  
bond bearing the more substituted carbon. This would suggest that ethyl ethers are 
more easily cleaved than methyl ethers when using BBrg (Lewis acid reagent) and fits 
with the ease o f cleavage order for acid reagents, which decreases in the order /-butyl 
> /-propyl > ethyl > methyl. Therefore, it would make more sense to use the /-butyl 
residue as a protecting group instead o f methyl. The other possibility is to attempt to 
cleave the methyl ether [5] using a nucleophilic reagent such as lithium diphenylsilane 
which cleaves methyl ethers in preference to ethyl ethers. By using nucleophilic 
reagents, the cleavage pattern is Sn2  giving preference to displacement o f primary 
alkyl groups than secondary and/or tertiary alkyl groups.
Although the methods suggested for cleaving the methoxy group above for the 
preparation o f alkylene ether backbone could all be plausible, it was decided that it 
would be better to find a totally new protection group. In searching through literature 
on different types o f protecting groups, it was found from a combination o f studies 
that by using a suitable aldehyde as a protecting group it would be possible to remove 
it easily after the necessary reactions without cleaving the alkyl ether backbone. This 
is very evident from the data and analysis presented in section 3.4 above. The decision 
was made to carry on using dichlorides instead o f dibromides for there ease o f
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handling and cost. Potassium carbonate was again used as the base for deprotonation 
of the -OH on 4-hydroxybenzaldehyde, as the initial attempt in section 3.3 
successfully produced high yielding clean products. Jiang et al.^  ^ prepared the 
dialdehyde n = 1 by reacting dibromoethane and 4-hydroxybenzaldehyde with LiH as 
the reducing agent at 78 °C in EtOH over 2.5 days giving a yield 63% with m.p. o f 
115-116 °C. The method employed in this study reacted dichloroethane with K2 CO3 as 
the base at 110 °C in DMF over 48 hours giving a sizable yield o f 73% with m.p. of 
113-115 °C. It is clear that the method used in this study was more efficient than that 
of Jiang et al.^. The dialdehyde n = 3 was synthesised by Guilani et Na metal 
dissolved in EtOH and refiuxed overnight. Again, K2 CO3 was the base at 110 °C in 
DMF over 48 hours to give a yield o f 85%, much higher than Guilani et reported 
yield o f 40%. This suggests once again that method used here was much more 
efficient. Every individual study for all three backbone types produced very good 
yields o f 70+%, thus giving an overall reaction yield for all steps at 42 % for n = 1, 
44 % for n = 2 and 50 % forn = 3.
The main difficulty encountered in the preparation o f Scheme 3.4 in all cases was step 
2, with the addition o f MCPBA produced a very reactive exothermic reaction. It must 
be stressed though that the violent reactivity decreased as the backbone chain length 
increased fi’om n = 1 to n = 3, in turn increased the reaction times. In future caution 
should be taken when carrying out this step and might be advisable to investigate the 
reaction temperature, possibly carrying it out under reduced temperature rather than at 
room temperature.
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Chapter 4 Thermal analysis results and discussion
Two different backbone structures are presented in this chapter. Firstly, the cyanated 
arylene ether sulphone backbone and its blends, secondly, the cyanated alkylene ether 
backbones: l,2-/iw(4-cyanatophenoxy)ethane (n = 1); 2 ,2 '-ô/5 (4 -cyanatophenoxy) 
diethylether (n = 2); l , 2 -6 z5 [2 -(4 -cyanatophenoxy)ethoxy]ethane (n = 3); and their 
respective blends. Using 2,2-6zj(4-cyanatophenyl)propane yields the advantage o f an 
extensively-studied monomer, whose thermal properties are well known, making it an 
ideal material for comparative purposes. The thermal analysis techniques employed 
herein are DSC and TG analysis o f the respective monomers and their blends.
4.1. Arylene ether sulphone backbone
Whilst the dicyanate 6 /5 -4 -(4 -cyanatophenoxy)phenyl sulphone has been reported 
before*'*’^ ’^ ,^ the characterisation presented was less detailed than that undertaken in 
this work and no blend studies were undertaken.
4,1.1. Differential Scanning Calorimetry (DSC) analysis o f the individual 
monomers: bis-(4-cyanatophenyl)propane and bis-4~(4-
cyanatophenoxy)phenyl sulphone
A common dicyanate, 2,2-6/^(4-cyanatophenyl)propane (available commercially as 
AroCy® B-10) was chosen as the second component in the proposed blends for this 
work (shown in Scheme 4.1, along with the newly-prepared dicyanate [2]).
University o f Surrey, Guildford, Surrey, GU2 7XH, England, UK. © 2005 Paul Klewpatinond
Chapter 4 Thermal analysis results and discussion 1 0 0
HgC CH.
[12]
2,2-6/s(4-cyanatophenyl)propane
N = — O
/)/s-4-(4-cyanatophenoxy)phenyl sulphone
Scheme 4.1 Monomers used for blend studies
In the first instance, an “uncatalysed” sample o f 2 ,2 -^/5 (4 -cyanatophenyl)propane was 
analysed individually using DSC (Figure 4.1a). A sharp melting endotherm is evident 
(peak minimum 84°C, AH = 83 J/g or 23 kJ/mol) indicating a reasonably high degree 
of purity. This precedes an exothermic peak spanning 207-349°C (with a main peak 
maximum at 309°C and a lower temperature shoulder at around 230°C). The shape of  
the peak and the polymerization enthalpy (AH = -661 J/g or -184 kJ/mol) accord well 
with literature values for this monomer^ ^^ ^^ °. The DSC analysis o f the catalysed 
dicyanate monomer (Figure 4.1b) reveals noticeable differences: the melting 
endotherm occurs at a slightly lower temperature and is somewhat broader than before 
(peak minimum 81°C, AH = 74 J/g or 21 kJ/mol). More significantly, the 
polymerization exotherm has been reduced to a much lower temperature regime as it 
now spans 120-335°C (with a main peak maximum at 191°C and a lower temperature 
shoulder at around 155°C). The value o f AH is now -692 J/g or -193 kJ/mol, 
presumably partly due to the difficulty in defining the true end point o f this broad 
thermal event.
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Figure 4.1 Composite DSC thermogram (10 K/min) of (a) uncatalysed 2^-bis{4- 
cyanatophenyI)propane (b) catalysed 2^-6Ây(4-cyanatophenyl)propane, (c) uncatalysed 
ô/s-4-(4-cyanatophenoxy)phenyl sulphone, (d) catalysed 6iy-4-(4-cyanatophenoxy)phenyl
sulphone.
5 /5 -4 -(4 -cyanatophenoxy)phenyl sulphone was also analysed in the absence o f an 
added catalyst (Figure 4.1c). A  reasonably sharp melting endotherm is evident (peak 
minimum 105°C, AH = 46 J/g or 22 kJ/mol). This precedes a broad exothermic peak 
spanning 184-349°C (with a main peak maximum at 292°C and a lower temperature 
shoulder at around 260°C). A polymerization enthalpy o f AH = -388 J/g or -188 
kJ/mol) was recorded. Similarly, the DSC analysis o f the catalysed dicyanate 
monomer (Figure 4 .Id) revealed a similar picture to the commercial dicyanate: the 
melting endotherm occurs at a slightly lower temperature and is slightly broader than 
before (peak minimum 103°C, AH = 41 J/g or 20 kJ/mol). The polymerization 
exotherm now spans 134-290°C (with a main peak maximum at 211°C). The value o f  
AH is now -385 J/g or -187 kJ/mol. As each monomer is a dicyanate then the enthalpy 
is halved to yield the value in kJ/mol o f cyanate group (see Table 4.1, entries for 
blends 100:0 and 0:100). These data compare well with literature values for the 
polymerization enthalpy^ ® and Hamerton and Takeda reported’* a value o f 90 kJ mol"^
University o f  Surrey, Guildford, Surrey, GU2 7XH, England, UK. © 2005 Paul Klewpatinond
Chapter 4 Thermal analysis results and discussion 1 0 2
OCN for the catalysed polymerisation o f AroCy® LIO (1,1-6 /5 (4 -
cyanatophenyl)ethane) using DSC.
Table 4.1 Dynamic DSC data (10 K min^) for dicyanate blends as a function of blend
composition.
Molar ratio 
[1 2 ] :  [2 ] ’
m.p.
(°C)
Cure onset  ^
(°C)
Peak max 
(°C)
-AHpc 
(J/g blend)
)lymerisation 
kJ/mol (OCN)
1 0 0 : 0 81 152 191 692 96.5
75:25 73 157 195 578 95.5
50:50 69 160 197 501 95.5
25:75 71, 85b 167 203 417 90.5
0 : 1 0 0 103 176 2 1 2 385 93.5
N.B.
AroCy® B = 2 ,2 -6 /5 (4 -cyanatophenyl)propane
 ^= onset defined as tangent extrapolated fi*om half peak height to baseline.
b two melting transitions were recorded.
4.L2. Differential Scanning Calorimetry (DSC) analysis of bis-(4- 
cyanatophenyl)propane/bis-4-(4-cyanatophenoxy) phenyl sulphone blends
Having analysed the monomers individually, a series o f catalysed dicyanate blends 
was prepared and analysed using DSC. The data are given in Table 4.1 and several 
features are worthy o f note. Predictably, the melting behaviour o f the individual 
monomers is altered during the formation o f the binary blend (Figure 4.2), however 
the composition containing 75% 6 /5 -4 -(4 -cyanatophenoxy)phenyl sulphone displays 
two melting endotherms: the first occurring over a reasonably narrow temperature 
range, while the second is bimodal at higher temperature. This suggests a possible 
change in the miscibility o f the components at this composition and is surprising since 
the remaining compositions all display only a single event. The behaviour persisted 
despite several analyses being undertaken and the enthalpy o f melting was similar in 
magnitude to the other binary blends.
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Figure 4.2 DSC thermograms (10 K/min) of selected blends of l^-bis{4- 
cyanatophenyl)propane [1 2 ] and A/s-4-(4-cyanatophenoxy)phenyl sulphone [2 ] showing 
entire data and expansion of the melting region.
Key -  Molar ratios for [12] : [2] (i) 0:100; (ii) 25:75; (iii) 50:50; (iv) 75:25; (v) 100:0.
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4.1,3, Kinetic analysis of the thermal polymerization of bis-(4-
cyanatophenyl)propane/bis-4-(4-cyanatophenoxy)phenyl sulphone blends
Heat flow and temperature data were obtained through the DSC exothermic reaction 
peaks at a variety o f heating rates as described earlier. The data were analyzed using 
the simple «th-order kinetic model”
ln(r) -  n\n{l-d) = \n{A) -  EIRT (1)
where r is the rate o f conversion iàcdàt), n is the order o f reaction, a  is the fractional 
conversion, A is the pre-exponential factor, E is the apparent activation energy , R is 
the gas constant and T is the absolute temperature.
A plot o f the left-hand side o f equation (1) against 10^/T for the correct value o f n 
should be linear if  the data are well fitted to the model. The best fit values o f In A and 
E  may be found from the intercept and slope respectively obtained by a linear 
regression analysis. The analyses were carried out predominantly over the 5-95 % 
conversion range. The data are displayed (Figure 4.3) for three integer values o f the 
reaction order «: 1, 2 and 3. It can be seen from the plots that the data are best fitted 
by a second order {n = 2) model. It is also apparent that the data begin to diverge from 
linearity outside the analysis range, indicating that there is an apparent change in 
reaction order at these points.
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Figure 4.3 Plots of ln(d(x/dt) -  n.In(l-a) against reciprocal temperature over the 
apparent conversion range 5-95% for fixed reaction orders (a) n = 1, (b) n = 2, (c) n = 3
at lOK/min heating rate.
Table 4.2 Summary of DSC kinetic parameters for dicyanate as a function of heating 
rate over the apparent conversion 5-95% for a fixed order of reaction (n = 2).
Scan rate (K min’ )^ E (kJmor^) In A
20 143 35.4
15 149 36.7
10 136 34.3
5 111 28.3
E = apparent activation energy 
A = Arrhenius pre-exponential factor
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The kinetic data for the blends are presented in Table 4.2: the apparent activation 
energy for the « = 2 plots ranges from 111-149 kJ mof^ (the slowest heating rate (5 K 
min'^) yields the lowest parameters, while the remaining three heating rates appear to 
offer closer agreement); the pre-exponential factor ranges from 28.3-36.7. These 
figures compare favourably with published data. For instance, Nair et aV^ have found 
a linear relationship between the activation energy with gel time at a fixed cure 
temperature for 6zj-(4-cyanatophenyl)propane cured with different catalyst systems. 
Although their data did not cover aluminium, the activation energy for the system 
comprising tin (prior to gelation) was ca. 147 kJ m o f\
4.1,4, Thermogravimetric (TG) analysis of the individual monomers: 2,2-bis(4- 
cyanatophenyl)propane and bis-4-(4-cyanatophenoxy)phenyl sulphone and 
selected blends
2,2-Bzj(4-cyanatophenyl)propane (available commercially as AroCy® B-10) was 
chosen as the second component in the proposed blends for the TG work. The TG 
data for the homopolymers (and also selected blends) are given in Table 4.3.
Table 4.3 TG data for the thermal degradation (in flowing nitrogen) of poly(2,2-A/s(4- 
cyanatophenyl)propane) [12], poly(6fr-4-(4-cyanatophenoxy)phenyl snlphone) [2] and
selected blends thereof.
Sample 
[12] : [2]
Temperature (°C) for a given mass loss (%)
5% 10% 15% 20% 30% 40% 50% 60% 80% 100%
100:0 344 368 383 394 409 420 450 493 543 625
75:25 355 384 401 413 432 462 509 540 585 680
50:50 359 392 410 422 441 478 532 569 629 712
25:75 374 405 420 430 460 503 531 550 583 628
0:100 402 426 438 451 497 524 540 553 581 699
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The TG analysis (in flowing nitrogen) o f  poly(2,2-Z)/5-(4-cyanatophenyl)propane) {i.e. 
the polycyanurate o f AroCy® B-10) revealed an onset o f  thermal degradation (defined 
as a 5% weight loss) at 344°C. This initial degradation step accounted for around 50% 
o f the mass and yielded the most rapid rate o f weight loss, a second apparently slower 
degradation step overlaps with the first and continues up until 625°C, at which point 
the polycyanurate has undergone complete thermal degradation.
Temperature °C 
» 400300 500 600100 200 700 800
0:100
100:0 25:75
-30
75:25-50 -
50:50
-70
-90
-110
Figure 4.4 TG data for homopolymers and selected blends of 2^-bis{4- 
cyanatophenyl)propane [12] and b/s-4-(4-cyanatopbenoxy)pbenyl sulphone [2j. Key -
molar ratios shown for [1 2 ]:[2 ].
This form o f TG plot shown in Figure 4.4 is typical for polycyanurates and has been 
observed for poly(2,2-ôz5-(4-cyanatophenyl)propane)”. It may be generally described 
as a Type (v) curve^ "* indicating multi-stage decomposition yielding unstable 
intermediates. The decomposition reaction o f polycyanurates in both air and nitrogen 
is exothermic and has been observed to proceed in several stages (although the 
reaction in an inert atmosphere takes place in a higher temperature regime and gives 
rise to a larger char yield, as might be expected). Pankratov et al. reported’^  that the 
degradation products o f polycyanurates consisted mainly o f carbon dioxide, carbon 
monoxide, hydrogen, cyanuric acid and its phenyl esters, phenol and 6A-phenols. The 
thermal degradation mechanism that has been proposed by Pankratov et al. initially 
involves hydrolytic cleavage o f  the cyanurate linkage prior to homo- and hetero-lytic 
decomposition o f the triazine ring.
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More recently, two groups have independently put forward degradation mechanisms 
that are gaining acceptance. Shimp and Ising’® have suggested that the thermal 
degradation proceeds with the elimination o f carbon dioxide in a decarboxylation 
mechanism at temperatures above 200°C (Scheme 4.2a), whereas Pascault et aW'' 
have evidence to support the evolution o f cyanic acid as a significant degradation 
product (Scheme 4.2b). The two mechanisms have in common the formation o f a 
thermally unstable carbamate intermediate from unreacted, sterically-hindered 
cyanate groups within the polymer network. The action o f adventitious moisture and 
transition metal compounds (used to effect polymerization) serve ultimately to effect 
the transformation. Whichever mechanism ensues, both serve to underline the 
importance o f achieving the highest degree o f polymerization through the correct 
choice o f catalyst and processing conditions, in order to achieve optimum thermal 
stability.
CH3
partially reacted polycyanurate network
+ HOCN
NH2
Scheme 4.2 Two degradation mechanisms proposed for polycyanurates (shown for 2,2-
6fr(4-cyanatophenyl)propane).
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Poly(Z)/5-4-(4-cyanatophenoxy)phenyl sulphone) was also subjected to TG analysis 
under the same conditions. In this case, the onset o f thermal degradation (defined as a 
5 % weight loss) commenced at 402°C and was a somewhat shorter thermal event. 
This initial (relatively slow) degradation step accounted for around 15-20% of the 
mass. A second degradation step (with a slower rate o f weight loss) overlaps with the 
first and continues up until 699°C, at which point the polycyanurate has undergone 
complete degradation {i.e. around 96% o f the mass had been lost, leaving a small 
residual char). While not directly comparable, McGrath et determined the 
thermo-oxidative stability (in air) o f poly(6z^-4-(4-cyanatophenoxy)phenyl sulphone) 
and found that the polymer had lost 5% o f it mass by 448°C, while no residual mass 
remained at 750°C.
The TG data for the blends o f the two co-monomers are also depicted in Figure 4.4. A 
cursory examination o f the TG data (Table 4.3) reveals that the initial onset o f 
degradation rises in line with the 6zj-4-(4-cyanatophenoxy)phenyl sulphone content. 
The same is broadly true for the temperature at which 50% weight loss is recorded. 
An examination o f Figure 4.4 suggests strongly that the two homopolymers undergo 
different degradation mechanisms (this is particularly evident when the first derivative 
traces are studied), presumably related to the different polymer backbone structures. 
Within the blends the mechanism that the blend adopts largely reflects its composition 
{i.e. the blend comprising 75% 6z^-4-(4-cyanatophenoxy)phenyl sulphone displays a 
similar plot to its homopolymer). However, it is evident that bis-{A- 
cyanatophenyl)propane is more sensitive to the addition o f the second component o f 
the blend. For instance, the addition o f 25% 6za^-4-(4-cyanatophenoxy)phenyl 
sulphone to 6z^-(4-cyanatophenyl)propane raises the thermal stability significantly 
over that o f the 6z^-(4-cyanatophenyl)propane homopolymer. In contrast, the thermal 
stability o f the blend comprising 25% 6z^-(4-cyanatophenyl)propane compares 
favourably with the 6zj-4-(4-cyanatophenoxy)phenyl sulphone homopolymer.
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4.L5, Kinetic analysis o f the thermal degradation of bis-(4-
cyanatophenyl)propane/bis-4-(4-cyanatophenoxy)phenyl sulphone blends
TG analysis data was analysed using the Coats-Redfem equation. This approach 
initially required the order o f reaction, n, determined by an iterative method (the best 
fit value for n, was determined using linear regression) in order to derive the kinetic 
parameters using the Coats-Redfem equation’*:
For « = 1 :
log - lo g
l - a = log
A.R 2.RT
'a J 23.RT
(2)
where P is the heating rate (degree/time) and A is the pre-exponential factor
log = log
For M
rA.R 1- 2.RT
V a J 23.R.T
(3)
A plot o f the left-hand side o f equations (2) and (3) against 10^/T for the correct value 
of n should be linear if  the data are well fitted to the model. The best fit values o f In A 
and E  may be found from the intercept and slope respectively obtained by a linear 
regression analysis. The analyses were carried out predominantly over the 300-700K 
degradation range, the entire range o f reaction.
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Figure 4.5 Plots of Iogio[-logio(l-a)/T^] against reciprocal temperature over the apparent 
degradation range 300-700 C for fixed reaction order /i = 1, for poIy(6/s-4-(4 
cyanatophenoxy)phenyI sulphone) [2], poly(2^-6/y(4-cyanatophenyl)propane) [12] and 
selected blends thereof (sample [2 ]: [1 2 ]).
The data are displayed for two integer values o f the reaction order n: 1 (Figure 4.5) 
and 2 (Figure 4.6). It can be seen from the plots that a first or second order model 
does not fit the data. It is also apparent that the data are more complex than the Coats- 
Redfem equation is able to cope with. In the degradation process there is an indication 
from the plots of « = 1 and 2 that there is an apparent change in reaction order over 
the data range.
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Figure 4.6 Plots of logio[l-(l-a)^‘“/T^(l-n)] against reciprocal temperature over the 
apparent degradation range 300-700K for fixed reaction order ii = 2, for poly(A/y-4-(4 
cyanatophenoxy)phenyl sulphone) [2], poly(2^-6w(4-cyanatophenyl)propane) [12] and 
selected blends thereof (sample [2 ]: [1 2 ]).
4.1.6. New and improved method of obtaining kinetic parameters using numerical 
methods.
Here, the entire data range obtained from the DSC measurements is modelled using an 
approach which solves simultaneous differential equations (Chapter 2). A typical fit 
o f the data is shown in Figure 4.7 for data obtained at 10 K/min. The apparent 
activation energy is 131 kJmof^ and the apparent rate n = 1.94. These values compare 
very well with that shown in Table 4.2 for the simpler method discussed in section
4.1.3. Therefore, it can be suggested that the model here is not showing the true rate 
for the entire data range, but only that o f 5-95%. This is clearly noticeable from the ill 
fitting simulated curve in Figure 4.7, it is apparent that there is more than one reaction 
or process occurring during the polymerisation stages at the beginning, middle and
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end as clearly seen in both Figure 4.7 and Figure 4.8. This has to be taken into 
account to obtain a more representative model for the kinetic parameters.
350 400
Temperature (K)
450 500 550 600
 simulated data
 experimantal data
Figure 4.7 A curving fit of the entire sulphonyl dicyanate data range of bis-4-{4 
cyanatophenoxy)phenyl sulphone) at a heating rate of lOK/min
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Figure 4.8 Plot of entire sulphonyl dicyanate data using method in section 4.1.3 for n=2
at heating rate of 10 K/min
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This early stage o f the approach has been developed further by Hamerton et al. to 
simulate both the polymerisation kinetics’^  and degradation kinetics^®. They replaced 
the linear baseline used in this work with a third order parabolic baseline to account 
for any variations in the baseline over the entire data range. Along with this, a number 
of concurrent processes were fitted to data and the optimum fit was found to involve 
only 2 processes. The additive effect o f these processes produced a good fitting curve 
seen in Figure 4.9 overlaid on the experimental data.
Temperature (K)
400 420 440 460 480 500 520 540 560 580
 eq)erimental rate
simulated rate
 ratel
 rate2
Figure 4.9 Overlay of simulated and experimental sulphonyl dicyanate data for a DSC 
scan of 10 K/min using a third order parabolic basline.
In turn, this has produced a more accurate rate o f polymerisation for the system. The 
first process yielded an activation energy o f 155 kJ mol'  ^with a collision factor (In A) 
of 37 and reaction rate («) o f 2.20. The second process yielded an activation energy o f  
148 kJ mof^ with a collision factor (In A) o f 38 and reaction rate (n) o f 2.22. The two 
processes are o f similar order and supports the polymerisation mechanism proposed 
by Brownhill et
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4.2. Alkylene ether backbone
This backbone type does not appear to have been studied until now and data presented 
here are by no means fully optimised conditions for the analyses undertaken. It must 
be pointed out here that a different batch o f AroCy® BIO and catalyst package, to that 
of the analyses above, has been used for this study, along with different DSC and TG 
analysis instruments (see Chapter 2).
4.2,L Differential Scanning Calorimetry (DSC) analysis o f the individual 
monomers: bis-(4-cyanatophenyl)propane and cyanated alkylene ether 
backbones
Once again, AroCy® BIO was used chosen as the second component in the proposed 
blending in this work (shown in Scheme 4.3, along with the three newly-synthesised 
dicyanates).
HX CK
N =
2,2-h/s(4-cyanatophenyl)propane
o —= H
N = [11a, b, c]
alkyl ether type backbone dicyanate
Scheme 4.3 Monomer used for all^lene ether backbone dicyanate and blends studies
A catalysed sample o f 2,2-6z^(4-cyanatophenyl)propane was analysed using DSC 
revealed a broad peak similar to that observed in Figure 4.1b (peak m inim um 76 °C, 
AH = 55 J/g or 15 kJ/mol). The polymerisation exotherm spans 92-307 °C (peak
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maximum at 192 °C) with a AH value o f -638 J/g or 178 kJ/mol (see Table 4.4). These 
values are lower than those reported in section 4.1.1 due to a number o f possibilities 
including the higher purge gas o f 30 cm  ^min"\ the catalyst package and impurities in 
the monomer itself. Therefore, comparisons will be made loosely towards that o f the 
arylene ether sulphone dicyanate analysis above and will concentrate on internal 
analysis o f the alkylene ether dicyanate.
The uncatalysed samples o f n = 1, 2, 3 were analysed to give thermograms in Figure 
4.10a, c, d, respectively. Relatively sharp melting endotherms were observed for all 
three monomers recoding the following results: n = 1, peak minimum 125 °C and AH 
= 137 J/g or 41 kJ/mol; n = 2, peak minimum 120 and AH =168 J/g or 64 kJ/mole; 
n = 3, peak minimum 66 °C and AH = 1 7 0  J/g or 65 kJ/mol. Broad polymerisation 
exotherms were also recorded for these monomers with the following results: n = 1, 
peak maximum 289 °C and AH = -595 J/g or -177 kJ/mol; n = 2 , peak maximum 224 
and AH = -498 J/g or -169 kJ/mol; n = 3 , peak maximum 298 °C and AH = -442 
J/g or -170 kJ/mol. DSC analysis o f the catalysed monomers are presented in Figure 
4.10b, d, e with melting endothermie peaks occurring at similar temperatures as the 
uncatalysed monomers (peak minimum 125 °C and AH = 155 J/g or 46 kJ/mol; peak 
minimum 119 ®C and AH =148 J/g or 50 kJ/mol; peak minimum 66 °C and AH = 64 
J/g or 63 kJ/mol, n = 1, 2, 3 respectively). Notably, the exothermic peaks are also at a 
lower temperature than previously and now less broad with peak maxima within a 
similar range to each other (n = 1, peak maximum 208 °C and AH = -655 J/g or -194 
kJ/mol; n = 2, peak maximum 205 °C and AH = -467 J/g or -159 kJ/mol; n = 3, peak 
maximum 216 °C and AH = -544 J/g or -209 kJ/mol).
It appears that for n = 1, and even more so for n = 2, the polymerisation starts at a 
point during the melt process and the data presented here are considered to be slightly 
inaccurate, (i.e. not showing the complete data) n = 2 being the worst. The start limits 
were thus taken at the turning points o f the affected monomers. Although this 
occurred in the uncatalysed version o f the aforementioned monomers, the decision 
was taken to use a catalyst for comparison purposes only.
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Figure 4.10 Composite DSC thermogram (10 K/min) of (a) uncatalysed n = 1 (b) 
catalysed n = 1, (c) uncatalysed n = 2, (d) catalysed n = 2, (e) uncatalysed n = 3, (f)
catalysed n = 3
Even small quantities of catalyst package to monomer ratios o f 1:25:2000, 
significantly improved the polymerisation enthalpy and lowered the peak max of the 
monomers, n = 1 and 2 being most affected. The addition of the catalyst has also 
reduced the cure onset temperatures by 50-80 °C and at the same time increasing the 
polymerisation enthalpy of a cyanate group, as seen in Table 4.4, with the exception 
of n = 2 for reasons previously mentioned. It is safe to assume from the trend that the 
polymerisation enthalpy of n = 2 should also increase with the addition of catalyst.
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Table 4.4 Dynamic DSC data (10 K min ) for dicyanates n = 1,2,3, AroCy BIO and
their blends
Sample
m.p.
CC)
cure onset
m
Peak max
m
-AH polymerisation
J/g kJ/mol (OCN)
BIO (cat) 76 160 192 638 89
n = 1 (no cat) 125 229 289 597 89
n = 1 (cat 2000) 125 173 208 655 97
n = 1 +B 10 (cat) 72, 106 159 194 699 99
n = 2 (no cat) 121 151 224 516 88
n = 2 (cat 2000) 119 156 205 483 82
n = 2 + BIO 73, 85 167 199 619 89
n = 3 (no cat) 66 258 298 442 85
n = 3 (cat 2000) 66 176 216 544 105
n = 3 + BIO 53, 69 172 203 616 92
4.2,2, Differential Scanning Calorimetry (DSC) analysis of bis-(4- 
cyanatophenyl)propane /  alkylene ether dicyanates n = l ,  2,3 blends
It is evident from the analysis above that only minimal quantities o f catalyst are 
required to improve polymerisation o f the alkyl ether dicyanates. Therefore, 
uncatalysed alkyl ether dicyanate monomers were blended with catalysed AroCy® 
BIO and were blended in the ratio o f 20:80 giving data presented in Table 4.4. Each o f  
the blends exhibited two melting endotherms with reduced peak minima for all 
materials involved (Figure 4.11). AroCy® BIO peak minimum in the blends now 
appears at 72 °C, 73 °C and 69 °C (n = 1, 2, 3 respectively), slightly reduced from 76 
®C. The melting endotherms o f alkylene ether dicyanates have been significantly 
reduced from 125 °C to 106 °C for n = 1, 121 °C to 85 °C for n = 2 and 66 °C to 53 °C 
for n = 3. Although there are two melting endotherms, only one broad polymerisation 
exotherm was recorded for each, suggesting compatibility during polymerisation. The 
most interesting observation is that the polymerisation enthalpy o f a cyanate group 
has increased with this blend, n = 1 affecting the blend to a higher degree.
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Figure 4.11 DSC thermograms (10 K/min) of blends of AroCy® BIO [12] and alkylene 
ether dicyanates n = 1 , 2 ,3  ([1 1 a, b, c] respectively) showing entire data and expansion
of the melting region.
Key -  Molar ratios for [12]:[lla, b, c] of 80:20 (i) [12]:[llaJ; (ii) [12]:[llb]; (iii)
[1 2 ]:[llc]; (iv) [1 2 ].
University o f Surrey, Guildford, Surrey, GU2 7XH, England, UK. © 2005 Paul Klewpatinond
Chapter 4 Thermal analysis results and discussion 120
4.2,3, Thermogravimetric analysis (TG analysis) of the individual monomers: 
AroCy® BIO and alkylene ether dicyanate and selected blends
AroCy® B-10 (albeit using a different batch and different curing conditions: 180 °C / 
Ih and 230 °C / Ih) was again chosen as the second component in the proposed blends 
for this TG work. The TG data for the homopolymers and blends are given in Table
4.5
Table 4.5 TG data for the thermal degradation (in flowing nitrogen) of AroCy® BIO, 
Alkylene ether n = 1,2,3 and their blends.
Sample Temperature (°C) for given mass loss (%)
5% 10% 15% 20% 30% 40% 50% 60% 80% residual
n= 1 366 395 412 424 438 450 462 484 - 25%
n = 2 346 371 386 398 415 426 435 447 720 18%
n = 3 357 379 390 399 411 419 426 434 616 16%
BIO 348 390 423 439 462 490 530 567 - 29%
n = 1 +B10 356 397 424 437 456 476 517 564 _ 29%
n = 2 + B10 337 374 401 419 440 459 486 539 - 25%
n = 3 +B10 340 375 398 412 430 446 469 517 - 24%
The TG analysis (in flowing nitrogen) o f the polycyanurate o f AroCy® B-10 revealed 
an onset o f thermal degradation (defined as a 5% weight loss) at 348°C. This initial 
degradation step accounted for around 15% of the mass and yielded a slow declining 
rate o f weight loss, a second faster degradation step overlaps with the first and 
continues up until 530°C. An apparently slower degradation step overlaps with the 
second and continues up to 800 °C, at which point the polycyanurate has not 
undergone complete thermal degradation and leaves a residual mass o f 29%. Upon 
examination o f the AroCy® BIO degradation curve (Figure 4.12) it can be seen that at 
around 850 °C the slope is still in very slow decline.
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Figure 4.12 TG data for homopolymers of AroCy BIO and alkylene ether dicyanates n
= 1, 2, 3.
The possibility that the sample was not fully cured exists, as normal cure schedules 
for AroCy® BIO are similar to that used in section 4.2.3. Therefore, the initial 
degradation step is most likely to include post cure information. This is confirmed by 
FT-IR analysis of the cured material, showing weak 0-CN stretching peaks at 2283 
cm'^  and 2220 cm '\ The peaks are not well defined (Figure 4.13), but clearly indicate 
the presence of uncured material. FT-IR analysis o f the cured alkylene ether 
dicyanates did not show conclusively any residual monomer, suggesting that the 
monomers were fully converted to polycyanurates (Figure 4.14). TG analysis plots for 
these homopolymers showed onsets of thermal degradation (defined as a 5% weight 
loss) at 366 °C, 346 °C and 357 °C (n = 1, 2, 3 respectively). All three thermograms 
can be described as a Type iii curve indicating a single-stage decomposition. Thermal 
stability, as expected, increased with decreasing backbone chain length, leaving 
residual masses of 25 %, 18 %, 16 % (n = 1, 2, 3 respectively).
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Figure 4.13 FT-IR(ATR) of AroCy®B10 homopolymer cured at 180 / Ih and 230 "C /
Ih
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Figure 4.14 FT-IR (ATR) of Alkylene ether dicyanate homopolymers cured at 180 "C / 
Ih and 230 “C / Ih over a range of 2400-2100 cm^ wavenumbers
Taking a crude look at the spectra in Figure 4.15, possible eyanate bands are still 
present in all three blends. The spectra possibly suggest that there are fewer cyanate 
groups remaining in the polymers following the order n = 3 < n = l < n  = 2 and, if  this 
is true, then the reactivity effects on AroCy® BIO are in the reverse order i.e. n = 3 > n
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= 1 > n = 2. This correlates well with the order of polymerisation enthalpies of a 
cyanate group observed in the DSC analysis of the copolymers of n = 1, 2, 3 with 
AroCy® BIO (Table 4.4).
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Figure 4.15 FT-IR (ATR) of Alkylene ether dicyanate blends cured at 180 C / Ih and 
230 ®C / Ih over a range of 2400-2100 cm'^  wavenumbers
The TG analysis o f the blends are depicted in Figure 4.16 along with the 
homopolymer of AroCy® BIO. The initial onset o f degradation observed in Table 4.5 
rises in line with the suggested reactivity effect on AroCy® BIO above, but the order 
then changes to increased stability with decreasing backbone chain length. A three 
step degradation process is still observed in the blends, but slowly ehanging to a one 
step degradation process with increased backbone ehain length. Residual mass 
decreases with inereased flexibility, but the effect is minimal. The n = 1 blend has no 
effect at all, as the thermal stability elosely matehes that of the AroCy® BIO 
homopolymer, except between 40 -  60 % weight loss. This suggests that the thermally 
more labile ether backbone is degrading at this point more rapidly than that o f the 
propyl backbone.
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Figure 4.16 TG data for homopolymer of AroCy® BIO and copolymer of AroCy® BIO 
with alkylene ether dicyanates n = 1 , 2 ,3 .
4.3. Conclusions
It has been demonstrated above that the synthesised dicyanate, bis-A-{A- 
cyanatophenoxy)phenyl sulphone, may be blended with a commercial dicyanate, 2,2- 
6i^(4-cyanatophenyl)propane, and copolymerised thermally in the presence o f a 
conventional catalyst package (aluminium(lll) acetylacetonate and dodecylphenol). 
Analysis o f the monomers and a variety o f blends, using DSC, demonstrated that the 
onset o f thermal polymerization was significantly altered in the binary blends. The 
formation o f binary blends of the commercial dicyanate AroCy® B-10 may yield 
copolymers with improved thermal stability and improved thermo-mechanical 
properties.
The synthesised alkylene ether dicyanates n = 1, 2, 3 also demonstrated that they can 
be successfully blended with a commercial dicyanate (AroCy® BIO) in the presence 
of the same catalyst package. As a homopolymer with added catalyst, n = 3 has the 
best processibility range o f approximately 50 K (from melting to onset of 
polymerisation) with a low melting point of 66 °C and a good polymerisation enthalpy
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o f 105 kJ/mol o f cyanate group: all this while still while still maintaining thermal 
stability comparable with AroCy® BIO. When these uncatalysed dicyanate monomers 
are copolymerised with catalysed AroCy® BIO, a very interesting outcome is 
observed: alkylene ether dicyanates reacted well in the presence o f small quantities of  
catalyst producing higher polymerisation enthalpies, thus increasing that o f AroCy® 
BIO. The effect was most noticeable for n = 1 giving an increase o f 10 kJ/mol of 
cyanate group, closely followed by n = 3 with an increase o f 7 kJ/mol o f cyanate 
group and no effect was observed for n = 2. Thermal stability AroCy® BIO is largely 
unaffected in the blends, giving rise to the possibility o f using the alkylene ether 
dicyanates as reactive additives to many other monomers.
Although a simplified method o f analysing the polymerisation kinetics has proven to 
be useful, it does not take into account what is happening at the start or the end o f the 
reaction. By applying a series o f differential equations, it has been possible to fit the 
DSC data well and further developed by Hamerton et to incorporate the data 
acquired at the start and end o f the reaction. This may help to describe a mechanism 
that is suitable for the polymerisation process, or support a current proposed 
mechanism, which has been suggested here to be the Brownhill et al. mechanism 
The Coats-Redfem equation is too simple to describe the complex process that is 
occurring during degradation and so a similar approach has to be taken to a treatment 
of these data.
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Chapter 5 Thermo-mechanical analysis results and 
discussion
5.1. Arylene ether sulphone backbone
The homopolymers and copolymers o f selected weight fractions (using AroCy® BIO 
as the second component) presented in section were cured thermally using the 
schedule 150°C/lh, 180°C /5h and 230°C /5h (in air).
5A.L Dynamical mechanical thermal analysis (DMTA) of the individual 
monomers: bis-(4~cyanatophenyl)propane and bis-4-(4- 
cyanatophenoxy)phenyl sulphone and selected blends thereof
The homopolymer o f 6f^-(4-cyanatophenyl)propane shows an a  transition (the Tg) at 
279°C (determined from the maximum value o f the loss tangent, tan ô). This value is 
in line with that recorded in the literature*  ^ for the same polymer and indicates a high 
apparent degree o f conversion (examination o f the rubber modulus also demonstrates 
that the polymer shows no signs o f undergoing further cure during the analysis). 
Other (sub-ambient) transitions are also apparent (Table 5.1). The polymer shows 
only a relatively small loss in storage modulus (E’ = 1.47 GPa at 25°C and E’ = 1.34 
GPa at 150°C), prior to the glass transition and these data compare well with literature 
values recorded for AroCy® BIO (E’ at 25°C and 200°C were 1.62 GPa and 1.30 GPa 
respectively**, in tensile mode and E’ at 50°C was 1.99 GPa in flexural mode* )^. It 
must be noted here that the values are not directly comparable due to many different 
experimental factors like sample size, heating rate etc., but provide a good indication.
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Table 5.1 DMTA data for poIy(2 ,2 -6 /5 (4 -cyanatophenyl)propane) [12], poly(Mf-4-(4 
cyanatophenoxy)phenyI sulphone) [2] and selected blends thereof.
Sample [12]: [2] a  transition  ^(°C) p transition  ^(°C) y transition (®C)
100:0 279 -13 -97
75:25 269 -6 -99
50:50 261 -7 -101
25:75 256 -26 -96
0:100 255 -30 -95
 ^also denotes the T,
b this transition is ill defined and very broad (typically spanning 100 K)
The a  transition o f the 6/.y-4-(4-cyanatophenoxy)phenyl sulphone homopolymer is 
apparent at 255°C (determined from the maximum value o f the loss tangent, tan 5), 
which is lower than that recorded for 6z^-(4-cyanatophenyl)propane reflecting the 
lower cross-link density o f the former. Again, the polymer shows no signs of 
undergoing further cure during the analysis. Other transitions are also apparent 
centred at -6 to -30°C (a very broad, ill-defined p transition) and ca. -100°C (y 
transition). This homopolymer not only shows higher storage modulus compared to 
poly(Z?/5-(4-cyanatophenyl)propane), but also a greater retention o f storage modulus 
over a Avider temperature range (E’ = 1.70 GPa at 25°C and E’ = 1.57 GPa at 150°C), 
prior to the glass transition.
In the case o f the binary blends (Figure 5.1), the behaviour generally reflects the 
stoichiometry of the blend {e.g. the a  transition is certainly sensitive to the blend 
composition). However, interestingly, the storage modulus appears to reach a 
maximum (of those blends tested) for the blend containing 25% 6fj-4-(4- 
cyanatophenoxy)phenyl sulphone, which yields a figure (1.62 GPa at 150°C) that is 
significantly higher than that recorded for either homopolymer.
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Figure 5.1 DMTA data for homopolymers and selected blends of 2,2-A/s(4- 
cyanatophenyl)propane and Ai5 -(4 -cyanatophenyl-4 ’-phenoxy) sulphone.
5.1.2. Themomechanical analysis (TMA) of the individual monomers: bis-(4-
cyanatophenyl)propane and bis-4-(4-cyanatophenoxy)phenyl sulphone and 
selected blends
The TMA data for the homopolymers and blends are presented in Table 5.2. There is 
reasonably good agreement between the values o f Tg derived from DMTA (Table 5.1) 
and those determined using TMA (Figure 5.2). Of greatest interest in this context, 
however, is the coefficient of thermal expansion (CTE) phenomenon displayed by the 
polymers.
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Figure 5.2 TMA plots of horn polymers and selected blends of 2,2-A«(4- 
cyanatophenyl)propane [12] and ^/s-4-(4-cyanatophenoxy)phenyl sulphone [2]. Key
molar ratios shown for [12]:[2|.
Table 5.2 TMA data experimentally recorded for poly(2^-h/5(4-cyanatophenyl)propane) 
[12], poly(hw-4-(4-cyanatophenoxy)phenyl sulphone) [2], selected blends thereof.
Samples
TgCC)
CTE (ppmTC) 
at 40-200T
Blends [12]: [2]
100:0 246-257 57
75:25 242-251 54
50:50 239-245 63
25:75 240-246 42
0:100 235-255 39
The CTE value o f the è/5-4-(4-cyanatophenoxy)phenyl sulphone homopolymer is low 
at 39 ppm/®C when compared to that of 2,2-6z^(4-cyanatophenyl)propane (57 
ppm/°C). These values are compared to other commercial polymers in Table 5.8. This 
low value is probably due to the fact that the sulphone backbone has greater freedom 
of rotation and is able to produce better packing. Interestingly, the copolymers 
produced single polymerisation exotherms in DSC measurements (chapter 4.1),
University o f Surrey, Guildford, Surrey, GU2 7XH, England, UK. © 2005 Paul Klewpatinond
Chapter 5 Thermo-mechanical analysis results and discussion 130
suggesting miscibility o f the monomers at polymerisation temperatures. Similar 
evidence is shown for TMA measurements, wherein only one glass transition event is 
observed for all homo- and copolymers. It is evident from the data that the presence of 
6z^-4-(4-cyanatophenoxy)phenyI sulphone in small quantities o f 25 %, served to 
reduce slightly the CTE of the commercially available monomer, suggesting a 
possible technological application in this context.
5. 2. 5.  Glass transition temperature prediction of bis-4-(4-cyanatophenoxy)phenyl 
sulphone with 2,2-bis(4-cyanatophenyl)propane
The data presented above for the blends are representative o f single homogeneous 
polymers. Calculated Hildebrand solubility parameters in chapter 2.4 support this with 
both the monomer and polymer values being very close for each o f the backbone 
types (Table 5.3. As previously mentioned, the solubility parameters can only be 
accurate for the monomers prior to the cure onset temperature because they are 
independent molecular structures with no involvements from other interactions. When 
used for polymers, it can only be used as an indication of solubility / miscibility due to 
the nature o f other interactions at different stages o f polymerisation, including, the 
formation of crosslinking triazine rings, gelation points and vitrification points, phase 
diagrams would have to be calculated to truly know the blending effects.
Table 5.3 Calculated Hildebrand solubility parameters
8h (MPa"")
monomers polymers
AroCy®B10 25.20 26.69
Sulphone type 26.99 28.23
Prediction of the Tg is possible by many equations, some o f which are presented in 
chapter 2.5.5. Here, the measured TgS (by DMTA) o f the blends are plotted against 
arylene ether sulphone dicyanate wt% and compared to the predicted TgS o f the 
blends. It can be seen that the Fox equation predicts a lower Tg for the system, as 
expected, compared to the linear prediction (Figure 5.3). This does not fit the
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experimental data at all, with the data being well below the predictions made by both 
the linear and Fox equations. The Gordon-Taylor equation introduced an empirical 
parameter k, which takes into account the volume expansion occurring over the Tg 
range. The measured change in CTEs (Aa) o f the homopolymers taken between the 
turning points o f the Tg range (by TMA), were used instead o f the voulme expansion 
coefficient, as the ratio would be the same. The ratio o f the change in CTE (Aai/Aai) 
gave k = 0.28 gives a much better fit to the data, as seen from Figure 5.3.
555.00
550.00 -X- Linear predicted 
Fox predicted 
A Actual measurements 
-X- Gordon-Taylor predicted
545.00
^  540.00
535.00
530.00
525.00
0 25 50 10075
Sulphone type dicyanate wt %
Figure 5.3 Plot of actual TgS against weight fractions of the arylene ether sulphone 
dicyanate polymer blends with AroCy® BIO and TgS predicted by the linear equation, 
Fox equation and Gordon-Taylor equation.
The measured data falling below the linear and minimum relationships suggests that 
the system is more flexible than the Fox equation predicts and does not appear to have 
strong intermolecular attractions*^
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5.2. Alkylene ether backbones
In this section, AroCy®B10 was again used as the second component for 
copolymerization with the alkylene ether dicyanates (n = 1, 2, 3). Both the 
homopolymers and copolymers were prepared by thermal curing at 180 °C/lh and 230 
°C/lh. The cure schedule is relatively mild compared with typical commercial cure 
schedules, usually consisting o f a longer postcure o f 5h at 230°C or more^ '^ ^^  This was 
to compensate for the backbones because in preliminary studies, using the cure 
schedule presented in section 5.1 above, the homopolymers o f n = 1, 2, 3 produced 
very dark polymers, suggesting occurrence o f charring. Therefore, for this study, the 
cure schedule presented here was used to cure all samples so that comparisons could 
be made internally. No suggestion is being made that this cure schedule is optimised 
for either o f the monomers.
5.2.L Dynamical mechanical thermal analysis (DMTA) of the individual
monomers: bis-(4-cyanatophenyl)propane and alkylene ether dicyanates (n 
= 1,2,3) and selected blends
In the first instance, the homopolymer of 6z^-(4-cyanatophenyl)propane (AroCy®B10) 
was studied giving a Tg (a  transition) o f 277 °C (determined from the maximum value 
of the loss tangent, tan ô). Other amorphous transitions (P and y) were also present 
(see Table 5.4). Prior to the glass transition, there was a higher than usual loss in 
storage modulus (E’ =2.14 GPa at 25 °C and E’ = 1.70 GPa at 150 °C) compared with 
that recorded in section 5.1.1, possibly due to the polymer not being fully cured. 
Examination o f the rubber modulus for possible further cure was hindered due to 
instrumental limitations, which had an upper temperature limit o f 300 °C.
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Table 5.4 DMTA data for poIy(2 ,2 -6 /5 (4 -cyanatophenyl)propane), alkylene ether 
dicyanates and selected blends thereof.
Samples a transition (°C) b transition  ^(®C) g transition (°C)
n =  1 221 24 -68
n = 2 139 -55 -115
n =  3 121 -55 -115
AroCy®B10 277 30 -80
AroCy® B10:n= 1 275 35 -82
AroCy®B10:n = 2 241 20 -77
AroCy®B10:n = 3 247 35 -63
 ^This transition is ill defined and very broad with exception o f n = 2
The Tg (a  transitions) o f n = 1, 2, 3 were determined fi-om the peak maxima o f the 
loss tangent, tan 5 (Figure 5.4). The values o f 221 °C, 139 °C and 121 (n = 1, 2, 3, 
respectively) are in the expected order o f decreasing Tg as backbone chain length is 
increased and the crosslink density is decreased to produce a less rigid materiaP .^ 
Examination o f the storage moduli revealed mixed results:- 
n = 1, E’ = 1.77 GPa at 25 °C, 1.60 GPa at 50 T  and 1.13 GPa at 150 ”C; 
n = 2, E’ = 2.67 GPa at 25 °C, 2.38 GPa at 50 °C and 1.81 GPa at 100 T ;  
n = 3, E’ = 1.80 GPa at 25 "C and 1.62 GPa at 50 T .
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Figure 5.4 DMTA data for homopolymers and selected blends of 2,2-6/s'(4- 
cyanatophenyl)propane and alkylene ether dicyanates (n = 1 , 2 ,3)
It is very difficult to compare the three backbones directly, due to the nature of the 
onset temperatures of glass to rubber state. However, the general trend is observed 
where n = 2 has the highest storage modulus (significantly higher than that o f AroCy® 
BIO by ca. 0.4 GPa) followed by n = 3 and n = 1. The difference between n = 3 and 1 
with n = 2 is quite marked, ca. 0.8 GPa. This is contrary to the Tg values for which the 
order n = 1, 2, 3 with decreasing Tg is observed. It is apparent from the height o f the 
tan Ô peaks that n = 2 is a less brittle material as evident by the high storage modulus 
of 2.10 GPa at 80 °C, while n = 1 is perhaps the most brittle, which is consistent with 
the higher crosslink density generated in the polymer.
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Figure 5.5 DMA data for homopolymer of 2,2-6/^(4-cyanatophenyl)propane and 
selected blends with alkylene ether dicyanates (n = 1 , 2 , 3 )
The alkylene ether dicyanates (n = 1, 2, 3) were then added to AroCy®B10, each at a 
ratio of 20:80 wt% and cured to produce what appear to be homogeneous copolymers 
(as evidenced by single step transitions in the loss modulus data and single a  
transition peaks for each copolymer (Figure 5.5). It appears that storage modulus of 
AroCy®B10 is affected by the addition of n = 1, 2, 3 with the following results :- 
n = 1 + BIO, E’ = 1.02 GPa at 25 T, 0.98 GPa at 50 T and 0.88 GPa at 200 C^; 
n = 2 + BIO, E’ = 2.01 GPa at 25 T, 1.92 GPa at 50 T and 1.73 GPa at 200T; 
n = 3 + B 10, E’ = 1.47 GPa at 25 °C, 1.43 GPa at 50 T  and 1.31 GPa at 200 °C.
Although, storage moduli (E’) at 25 °C for the binary blends are much lower than the 
respective homopolymers, the reduction in E’ over the temperature range 25 °C to 200 
°C has significantly improved compared to AroCy®B10 (0.56 GPa). The introduction 
of n = 2 improved this by ca. factor o f 2, while n = 1 and 3 improved it by ca. factor 
of 4. Considering the Tg values of n = 2 and 3 are relatively low 139 °C and 121 
respectively, this addition does not apparently affect the Tg o f AroCy®B 10 
significantly as a copolymer (at this level o f incorporation), giving values o f 241 °C 
and 247 °C respectively (see Table 5.4).
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5.2.2. Themomechanical analysis (TMA) o f  the individual monomers: bis-(4- 
cyanatophenyl)propane and alkylene ether dicyanates (n = 1 ,2, 3) and 
selected blends
Analysis o f the homo- and copolymers were carried out using two different TMA 
instruments (see Chapter 2 for experimental conditions) at two different institutes 
(QinetiQ and IPTME, Loughborough) for comparison.
140
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 L oug h b o ro u g h  n  =  34 0  -
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Tem pera tu re  (°C)
Figure 5.6 TMA plots of the homopolymers of all^lene ether dicyanate n = 3 (shown for
two different instruments).
The unexpected and unusual nature o f the TMA data (Figure 5.6) necessitated the 
repeat analysis, which were found to be in close agreement. At the Tg, each o f the 
homopolymers (Figure 5.7) exhibited a rapid and substantial expansion, with the 
effect increasing with increased backbone chain length. This was then followed by a 
rapid contraction, again following chain length. The effect was least pronounced for 
the homopolymer n = 1 (Table 5.5), while the Tg o f AroCy®B10 was recorded at 246- 
256 °C , much the same as that recorded in section 5.1 above using DMTA. However, 
there are two distinct differences: in the first instance, the GTE of 87 ppm/°C between 
40-200 °C is much higher (by ca. SOppmAC); secondly, at Tg the material expands
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rather than exhibiting the expected contraction seen in Figure 5.2 where a higher cure 
schedule was used. Taken together, these observations suggest that the polymer was 
not fully cured and over the heating regime, main chain relaxation may have freed up 
unreacted cyanate groups to allow for further crosslinking reactions to occur.
Table 5.5 TMA data representing the expansion / contraction of n = 1,2,3 in the Tg
range
Samples
A L expansion A L contraction Area at Tg (pm min) Drop^
pm T pm T Total Expansion Contraction °C
n =1 12 11 -2 5 10 7 3 199
n = 2 72 18 -83 8 149 84 65 113
n = 3 108 15 -59 8 160 92 68 88
 ^Drop = measured perpendicular drop defined from peak max. to baseline 
A L = change in length over a temperature range
Table 5.6 TMA data for n = 1,2,3
Samples Tg r c )
CTE*^
(ppn/’C)
CTE
(ppm/®C)
n = l 192-205 111 98^
n = 2 100-121 178 1 6 f
n = 3 80-97 163 163"^
 ^Tg taken from onset-end points 
 ^at 40-150 T  at 40-80
at 40-70 T
The more flexible backbones o f monomers n = 1, 2, 3 display, as expected, relatively 
high CTE values (Table 5.6) of up to 167 ppm/®C i.e. the materials, especially n = 2, 
3, might be expected to display relatively tough characteristics unlike perhaps silicon 
where the CTE is low {ca. 3 ppmAC) giving a brittle material. The results in Table
5.6 are not directly comparable because the CTE values were taken over different 
temperature ranges (limited by individual Tg values). However, the TMA 
measurements did produce Tg values in the order comparable to those taken from 
DMTA measurements.
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Figure 5.7 TMA plots of hompolymers of 2 ^-6 /5 (4 -cyanatophenyI)propane (AroCy®B10)
and ail^lene ether dicyanates n =1 , 2 ,3
The binary blends o f AroCy®B10 and the monomers n = 1,2, 3 were also analyzed by 
TMA (Table 5.7). The Tg values are in good agreement with those measured by 
DMTA and the CTE values increase with increasing backbone chain length: there is a 
maximum increase in CTE of 8 ppmAC from that measured for AroCy®B10 with the 
20 % wt% addition of n = 2 and n = 3.
Table 5.7 TMA data for poly(2 ^-^i5 (4 -cyanatophenyl)propane) (AroCy®BIO), and
selected blends thereof
Samples Tg r c )
CTE^
(ppmAC)
AroCy®B10 246-256 87
n =  1 : AroCy® BIO 255-263 75
n = 2:AroCy® BIO 212-221 91
n = 3:AroCy® BIO 220-236 95
 ^at 40-200 °C
Interestingly, the CTE value was reduced by 8 ppmAC with the 20 % wt% addition o f  
n = 1 monomer. Looking at the TMA traces o f the copolymers in Figure 5.8, those
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containing n = 2 and n = 3 show expansions over the Tg range similar to that exhibited 
by the AroCy®B10 homopolymer, but lower by a factor o f 2. The combination of 
thermo-mechanical data with the results o f the DSC and FT-IR analyses in Chapter 4, 
suggests that the alkylene ether dicyanates act as reactive modifiers to the 
AroCy*B10.
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Figure 5.8 TMA plots of selected blends of 2 ,2 -6 i5 (4 -cyanatophenyl)propane 
(AroCy®B10) and alkylene ether dicyanates n =1,2,3
5.3. Conclusions
In this chapter, the effects o f incorporating an aryl dicyanate, containing four 
phenylene rings in its backbone, on the thermo-mechanical properties o f a common 
commercial polycyanurate have been examined. By undertaking thermo-mechanical 
analysis o f a variety o f blends comprising Z>/5'-4-(4-cyanatophenoxy)phenyl sulphone 
and 2,2-6z^(4-cyanatophenyl)propane (AroCy®B10), it was apparent that the thermal 
stability o f the commercial dicyanate was raised significantly. Furthermore, dynamic 
mechanical analysis revealed that the highest glass transition temperature was 
recorded for a blend containing 25 % èz5'-4-(4-cyanatophenoxy)phenyl sulphone (the 
blend also displayed excellent retention o f modulus over a wide range o f
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temperature). Importantly, in the present context (in which a microelectronic 
application is envisaged, thermo-mechanical analysis showed the CTE value o f 2,2- 
6z5(4-cyanatophenyl)propane was also markedly reduced in the same series o f blends.
The effects on the thermomechanical and dynamic mechanical thermal properties of 
AroCy®B10 by incorporating ethyleneoxy chains o f varying lengths (n = 1, 2, 3) in 
the backbone, were also examined. The results presented above showed that 
copolymers were achieved successfully, as evidenced by both DMTA and TMA 
measurements. The stability o f the blends lie in the range close to that o f AroCy®B10,
i.e. the Tg being unchanged significantly through all blends. The homopolymers 
revealed Tg values in the expected range and order o f n = 1 > 2 > 3. Storage moduli of 
these polycyanurates are similar to commercial polycyanurates , but with increasing 
temperature the rate o f loss in storage moduli increases, up to Tg. This concurs with 
high CTE values recorded by TMA o f the same homopolymers. It is most likely that, 
during curing and close to gelation and/or vitrification, the homopolymers containing 
the ethyleneoxy backbones are ‘frozen’ in a certain orientation. Therefore, when the 
samples are analysed under thermal conditions, main chain rotations and uncoiling 
can occur. This is supported by the evidence o f high CTE values and the rapid/high 
expansion at Tg.
As outlined in the introductory chapter, polycyanurates are finding increasing 
application in complex electronic packages, comprising layers of dielectric polymer 
and silica substrates sandwiched together. The issue o f delamination and warping 
arising from mismatched CTE values has already been highlighted as a potential 
problem and current “state o f the art” polymers {e.g. epoxy resins and toughened 
bismaleimides), which are direct competitors in this niche market, are displayed in 
Table 5.8.
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Table 5.8 Selected thermo-mechanical data for poly(2,2-Aw(4-cyanatophenyl)propane) 
(1), poly(A/y-4-(4-cyanatophenoxy)phenyl sulphone) (2), selected blends thereof; 
commercial resin systems*  ^and of n = 1 , 2 ,3  with selected blends.
Samples
DMA TMA
TgCQ
E’
(GPa) 
at 25°C/200°C
TgCC)
CTE 
(ppm/°C) 
at 40-200°CBlends [12]: [2]
100:0 279 1.47/1.27 246.2-256.7 57
75:25 269 1.82/1.53 241.8-251.2 54
50:50 261 1.39/1.24 238.8-244.8 63
25:75 256 1.55/1.37 239.5-246.4 42
0:100 255 1.70/1.50 234.7-255 39
n = 1 [11a] 221 1.77/1.10^ 170-186 98"
n = 2 [ llb ] 139 2.67/2.10^ 103-110 167"^
n = 3 [11c] 121 1.80/1.02^ 63-84 163"
AroCy BIO 277 2.14/1.58 246-256 87
n =  l:AroCy BIO 275 1.02/0.88 255-263 75
n = 2:AroCy BIO 241 2.01/1.73 212-221 91
n = 3:AroCy BIO 247 1.47/1.31 220-236 95
AroCy B 289 1.62/1.30 257 64
AroCy M 252 1.61/1.07 244 71
AroCy L 258 1.34/1.01 259 64
XU71787 244 1.75/1.32 223 68
TGDDM-DDS 246 1.97/1.13 210 67
BMI-MDA 320 1.65/1.30 297 62
BMI-DABA 288 1.90/1.35 263 63
 ^at 25”C/150”C ^at25"C/50"C " at 40-150 °C at 40-80 ”C "at40-70 "C
AroCy B 2,2-/>/5(4-cyanatophenyl)propane
AroCy M 6w(4-cyanato-3,5-dimethylphenyl)methane
AroCy L 1,1 w(4-cyanatophenyl)ethane
XU71787 dicyanate monomer of phenol-dicyclopentadiene adduct
TGDDM-DDS copolymer of 6w(4-tetraglycidylaminophenyl)methane and bis{A-
aminophenyl)sulphone 
BMI-MDA copolymer of è/5(4-maleimidophenyl)methane and bis{A-
aminophenyl)methane 
BMI-DABA copolymer of />/5(4-maleimidophenyl)methane and 2,2-Z)w(3-allyl-4-
hydroxyphenyl)propane
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Chapter 6 Molecular modelling results and discussion
6.1. 5#s-4-(4-cyanatophenoxy)phenyl sulphone polymer model
a.
Figure 6.1 three dimensional representation of 6is-4-(4-cyanatophenoxy)phenylsuiphone
polymer in a unit cell (OABC)
The structure above (Figure 6.1) was modelled using the conditions and method set 
out previously in chapter 2. In producing this model, the dimensions o f the unit cell 
and atoms were allowed to vary in the process o f minimising the energy o f the 
structure. The molecular simulation of the polycyanurate of bis-A-{A- 
cyanatophenoxy)phenyl sulphone produced a ‘perfect’ {i.e. fully polymerised) three 
dimensional (3D) model of density 0.84 gcm'  ^at the energy mimimum at zero kelvin.
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6.2. Molecular mechanics (MM) simulation
Figtire 6.1 clearly depicts the effects the backbone and the triazine ring have on the 
3D conformation that the polymer adopts; it also gives an idea o f the cross-linking 
that is present.
The data in Table 6.1 have been obtained from the MM structural simulation o f the 
h/5’-4-(4-cyanatophenoxy)phenyl sulphone polymer. The model conforms to periodic 
boundary conditions (PBC), to give a more accurate representation o f the bulk 
polymer. The internal and external stresses were optimised to zero GPa, thus allowing 
the properties to be investigated under a stress-free environment.
Table 6.1 Data derived from Cerius  ^experiments
Molecule bis -4-(4-cyanatophenoxy) 
phenylsulphone
Cell information
Density (g/cm^) 0.84
Volume (Â )^ 5719
Dimensions (A)
a 25.66
b 15.15
c 22.40
Angles (°)
a 45.89
3 74.98
y 66.24
Mechanical Properties
Bulk Modulus (GPa) 14.08
Young's Modulus (GPa) 23.23
Poisson Ratio 0.22
The backbone structure o f the 6z^-4-(4-cyanatophenoxy)phenyl sulphone polymer 
contains flexible SO2  and O linkages, but at the same time has four /?ûrra-disubstituted 
phenyl rings that would increase the rigidity o f the backbone. The image in Figure 6.1
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shows a very open structure suggesting a very rigid backbone, which is supported by 
the calculated density o f 0.84 gcm' .^ This is implying that the phenyl rings are having 
an overall greater effect on the structure than the flexible linkages. Although, some 
delocalisation can occur in the structure from the sulphones through to the outer ring 
carbons. The rigidity o f the ôz5'-4-(4-cyanatophenoxy)phenyl sulphone polymer 
backbone structure appears to be greater than that o f either AroCy®L10, AroCy®B10 
and XU-366. Therefore, the expected density o f the polymer should be lower than the 
other modelled structure, i.e. have a lower packing density.
6.3. Molecular Dynamics (MB) simulations
Molecular dynamics (MD) simulations were carried out, using the conditions and 
methodology set out in section 2.8.4, on AroCy®L10 (Figure 6.2) and XU-366 (Figure 
6.3) systems to determine the glass transition temperature (Tg). Simulated results give 
a value comparable with experimental data as seen in Table 6.2. For both systems a 
higher Tg was obtained from the simulation than that observed in reality, although the 
agreement with AroCy®L10 appears to be extremely good. This is likely to be due to 
the fact that the modelled system is a ^perfecf (100% polymerised) model, lacking 
molecular defects, microcracks and catalyst package interaction, etc.
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Figure 6.2 Dynamic simulation of AroCy® LIO 
Note : Vo = initial cell volume, dV = change in cell volume
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Figure 6.3 Dynamic simulation of XU-366
Note : Vo = initial cell volume, dV = change in cell volume
Table 6.2 Glass transition temperatures (Tg) obtained from dynamic simulations
Tg r c )
Experimental Simulated
AroCy LIO 258 264
XU-366 192 246
AroCy BIO 270 -
Sulphone dicyanate 246 -
MD simulations were also carried out on AroCy®B10 (Figure 6.4), the data seem to 
be inaccurate at around 700K, thus not allowing a Tg to be obtained (Table 6.2). The 
model could be incorrect, as the simulated density o f 1.13 gcm"^  is similar to, but a 
little lower than, the empirical density (1.26 gcm'^). This suggests that the packing o f  
the simulated model may not be correct: i f  it was correct then the density would be 
expected to be the same or higher than the real polymer, due to the laek o f defects.
The glass transition temperature o f the ô/5-4-(4-cyanatophenoxy)phenyl sulphone 
polycyanurate (Figure 6.5) was also determined. The MD simulation clearly depicts 
the polymer moving into a lower energy well (300-500K) from that first optimised for 
this study. The backbone is therefore not adopting a true conformation, most likely
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due to the SO2  linkage not being modelled correctly. Therefore, no Tg was obtained 
for the system (Table 6.2).
Temperature (K)
150 200 250 300 350 400 450 500 550 600 650 700 750 800 850
0.07
0.06 -
0.05 -
0.04 -
0.03 -
0.02 -
0.01 -
0.00  -
0.01
Figure 6.4 MD simulation of AroCy®B10
Note : Vo = initial cell volume, dV = change in cell volume
Temperature (K)
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Figure 6.5 MD simulation of 6w-4-(4-cyanatophenoxy)phenyl sulphone
Note : Vo = initial cell volume, dV = change in cell volume
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The backbone structure o f the è/5-4-(4-cyanatophenoxy)phenyl sulphone polymer 
contains flexible SO2  and O linkages, but at the same time has four phenyl rings that 
would increase the rigidity o f the backbone. However, from the data obtained so far, it 
suggests that the flexibility o f the SO2  and O linkages affect the backbone structure to 
a greater extent than first thought: reducing the rigidity and allowing increased 
packing o f the polymer to increase the density. The rigidity of the bis-A-{A- 
cyanatophenoxy)phenyl sulphone polymer backbone structure appears then to be 
lower than AroCy®L10, AroCy®B10 and XU-366. Therefore, the expected density o f  
the polymer should be higher than the other modelled structure. Howlin et 
performed a series o f comformational analyses on poly(ether isopropylidene 
sulphone) and poly(ether isopropylidene ketone) using POLYGRAF (Molecular 
simulations. Inc.). They found that the energy barrier for rotation about the sulphone, 
ether, carbonyl and isopropylidene linkages were 1, 4, 4 and 6 kcal/mol respectively. 
This is consistent with the order o f density observed in the present study by the 
different backbone types, with the sulphone containing molecule giving the highest 
density. Thus packing is increased due to the more flexible backbone o f the arylene 
ether sulphone dicyanate system in this study.
Results of the improved methodology (outlined in Chapter 2) for modelling o f  
polycyanurates are presented here for the investigation o f the 6zW-(4- 
cyanatophenoxy)phenyl sulphone polymer and produced a good working model for 
analysis. A MM study was carried out on the same model presented above, with the 
distinct difference o f the energy minimisation step. It can be seen from Figure 6.5 that 
the volume dropped over the course o f the dynamic study, suggesting that the 
molecule had moved to a better packing o f lower energy (adopting a different local 
minimum). To account for this, the initial molecule was treated to three cycles o f 10 
ps molecular dynamics and 100,000 steps o f energy minimisation to reach an 
optimum density for the polymer. The MD steps were carried out to move the 
molecule from its local minimum and allow further minimisation to occur. The 
density was improved significantly from 0.84 gcm’^  to 1.20 gcm’^  at zero Kelvin and 
at the same time significantly reducing the modulus values to more acceptable levels 
(Table 6.3), while the empirical density measured at 298 K was 1.34 gcm'^. This 
difference was thought to be temperature related and turned out to be true, as the 
simulated value lay between 1.31-1.34 gcm'  ^during MD simulation at 300 K.
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Table 6.3 Summary of data derived from improved Cerius  ^Experiments for bis-4-(4- 
cyanatophenoxy)phenyl sulphone) (for a given structural conformation)
Molecule bis -4-(4-cyanatophenoxy) 
phenylsulphone
Cell information
Density (g/cm^) 1.20
Volume (Â^) 4031
Dimensions (A)
a 13.86
b 22.36
c 15.75
Angles (°)
a 120.34
81.65
Y 84.21
Mechanical properties
Bulk modulus (GPa) 4.37
Young’s modulus (GPa) 3.38
Poisson ratio 0.38
The much improved model was treated with molecular dynamics and the initial 
analysis suggested that the Tg (as evidenced by the marked change in gradient in the 
cell volume-temperature plot. Figure 6.6) lay in the region between 450 and 600 K (a 
simple extrapolation between these data yielded an intercept above 500 K). However, 
consideration o f these data and the trajectory files o f the simulations performed 
suggested that equilibration had certainly not been achieved at the higher temperatures 
(600 K and 700 K) although there had been a levelling off o f volume change at the 
lower temperatures (Table 6.4).
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Figure 6 . 6  Initial MD simulation of poly[6 i5 -4 -(4 -cyanatophenoxy)phenyI sulphone] 
showing average cell volume versus simulation temperature (the broken lines are only 
indicative of the intersection and hence the Tg)
The decision was thus taken to perform a longer MD simulation o f 1250 ps to 
determine whether the model would equilibrate further. Upon examination o f the 
trajectory files for this longer simulation (Figure 6.7), it was noted that the change in 
volume remained fairly constant after approximately 200 ps. This suggests that the 
structure will never explore a range o f energetic states at this temperature. The 
suggestion can be related to TMA data, where post Tg the CTE o f the polymers 
increased i.e. yielded higher volumes.
Table 6.4 Standard deviations of volume at each temperature for MD simulations 
performed on the model for the polycyanurate of 6/v-4-(4-cyanatophenoxy)phenyl
sulphone
Temperature (K) 200 300 400 500 600 700
Standard deviation 9.57 13.44 21.36 18.69 29.73 38.09
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Figure 6.7 Trajectory file for MD simulations at 600 K (1250 ps) for poly[6is-4-(4- 
cyanatophenoxy)phenyl sulphone] showing average cell volume versus simulation time
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Figure 6 . 8  Trajectory file for MD simulations at 500 K (250 ps) for poly[6/s-4-(4- 
cyanatophenoxy)phenyl sulphone] showing average cell volume versus simulation time
The set o f trajectory files for the 500K MD simulation is shown in Figure 6.8, 
although the simulation was carried out for 250 ps, it appears a satisfactory 
equilibration o f volume was achieved by around 150 ps. Additional MD simulations 
were performed at 150 ps for 560 K, 520 K and 510 K in descending order starting 
from the original 600 K MD simulation. However, it is clear from Figure 6.9 that the 
volume has not equilibrated at 150 ps with data varying by around 100 Â ,^ so the 
experiments were performed again for the same temperatures above and starting from 
the original 600 K MD model, but this time carried out for longer at 250 ps.
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Figure 6.9 Trajectory file for MD simulations at 510 K (150 ps) for poly[ôf5-4-(4- 
cyanatophenoxy)phenyI sulphone] showing average cell volume versus simulation time
A more accurate Tg range was elucidated by performing these additional experiments. 
Figure 6.10 clearly shows a distinct discontinuity between 510 K and 520 K. The 560 
K simulation fits well with the previous data indicating that the Tg o f the polymer 
(model) lies between 510 K and 520 K. These values are in close agreement to the 
empirical Tg values for the same cured polycyanurate discussed in chapter 3, yielding 
values o f 519 K (recorded by DMTA) and 508-528 K (recorded by TMA). 
Furthermore, in Figure 6.11 the initial model has a very ordered conformation and at 
the start o f Tg (510 K, Figure 6.12) the model clearly moves to a more disordered 
conformation.
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Figure 6.10 Final MD simulations of poly[A/s’-4-(4-cyanatophenoxy)phenyl sulphone] 
showing average cell volume versus simulation temperature
Figure 6.11 27-unit cell of the 3-d model of poly[6/s-4-(4-cyanatophenoxy)phenyl 
sulphone] in its initial conformation
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n
Figure 6.12 27-unit cell of the 3-d model of poly[6»-4-(4-cyanatophenoxy)phenyl 
sulphone] following the MD simulation at 510 K
6.4. Conclusions
The force field developed by Allington et al. has shown to be a reliable method in 
modelling bulk CERs, as seen from the similarity of the simulated and experimental 
Tg data o f AroCy®L10 and XU-366. Although the density o f AroCy®B10 is not the 
same as experimental value, it does not mean that the model is incorrect. Once the 
MD analysis is performed a second time, a more detailed conclusion can be made. 
The density o f 6z^-4-(4-cyanatophenoxy) phenyl sulphone was simulated to a value of
0.84 gem'  ^at zero Kelvin, the density has been measured for the real polymer giving a 
value of 1.34 gcm'  ^ at 298 K. This suggests that the model is not correctly depicting 
the ‘real’ data, supported by the MD simulation results shown in Figure 6.5. The 
simulated Young’s modulus of 23.3 GPa is very high compared to the data measured 
from DMA experiments of 1.48 GPa, which also support an incorrect structure. The 
improvements made to this model improved the accuracy of the simulations, yielding 
results for density at 300 K within the range of the empirical density and a highly 
accurate Tg comparable with ‘real’ experimental data. There are three main factors for 
this improvement, firstly, the minimisation step was altered to allow the model to 
break from the local minimum by introducing a short (10 ps) MD step. Secondly, the 
MD simulation time of 50 ps for each temperature o f the original models was far too
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short. Figure 6.8 clearly indicates that at 50 ps, the model had not fully equilibrated 
and the use o f 250 ps produced much better equilibration results. Finally, the MD 
simulations were carried out in decreasing temperature steps from 700-200 K instead 
of the initial method o f heating steps. When the molecule is heated it takes a little time 
to equilibrate, thus further increasing the simulation times and would possibly 
introduce more errors in the output data obtained. Work is currently being undertaken 
to observe in frill detail, the differences between the heating method and the cooling 
method. In addition to this, access to a more powerful computer afforded larger 
models (27 unit cells) to be simulated, more closely depicting the bulk polymer. 
Therefore, it can be concluded from this work that the improved simulation method 
can be employed to successfully model and simulate polycyanurates with a high 
degree o f accuracy.
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Conclusions
This project has reported successes and very interesting results in both the synthetic 
and molecular modelling approaches. Four novel cyanate ester monomers, including: 
ôz5-4-(4-cyanatophenoxy)phenyl sulphone; 1,2-6f^(4-cyanatophenoxy)ethane; 2,2'- 
Z>/5(4-cyanatophenoxy)diethylether; and 1,2-Z>/5[2-(4-cyanatophenoxy)ethoxy]ethane, 
were successfully synthesised and fully characterised by NMR, and FT-IR 
spectroscopy and elemental analysis. Spectral analysis have confirmed the presence of 
the OCN and the absence o f the OH group from the starting material suggesting that 
the reaction has gone to completion, producing clean products in good yield and 
purity. Two dihydroxysiloxanes were also cyanated and notably remained a liquid. A  
combination o f analyses carried out would suggest that the cyanation o f the hydroxy- 
siloxanes was successful, but not to completion. This is evident from the low nitrogen 
and carbon values and excess hydrogen values from elemental analysis and from more 
than one fragment shown by GPC in each o f the dicyanate siloxane monomers. There 
is a possibility that one or more o f the fragments could be dihydroxy-siloxane, and/or 
mono-substituted or di-substituted cyanates. The initial synthesis of 2,2'-^/5(4- 
cyanatophenoxy)diethylether was very successful in producing step 1 the 2,2’-/)/5'(4- 
methoxyphenoxy)diethylether via 4-methoxyphenol, in good yield and purity. Further 
improvements to this synthesis by changing the staring material at step 1 {i.e. 
changing the protecting group from methoxy to aldehyde) has afforded the successful 
preparations o f three novel dicyanate ester monomers and resins o f varying lengths of 
ethylene oxide in the backbone.
The dicyanate 6z5'-4-(4-cyanatophenoxy)phenyl sulphone has been shown to be 
successfully blended with a commercial dicyanate, 2,2-/?/.y(4-cyanatophenyl)propane, 
and copolymerized thermally in the presence o f a conventional catalyst package 
(aluminium(III) acetylacetonate and dodecyl phenol). Analysis o f the monomers and a 
variety o f blends, using differential scanning calorimetry, demonstrated that the onset 
of thermal polymerisation was significantly altered in the binary blends.
The thermo-mechanical properties have been obtained by undertaking thermo­
mechanical analysis of the homopolymers and a variety o f blends comprising bis-A-
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(4-cyanatophenoxy)phenyl sulphone and 2,2-6z^(4-cyanatophenyl)propane, it was 
apparent that the thermal stability o f commercial dicyanate was raised significantly. 
Furthermore, dynamic mechanical analysis revealed that the highest glass transition 
temperature was recorded for a blend containing 25% ô/5'-4-(4-
cyanatophenoxy)phenyl sulphone (the blend also displayed excellent retention of 
modulus over a wide range o f temperature). Importantly, in the present context, in 
which a microelectronic application is envisaged, thermo-mechanical analysis showed 
the coefficient o f linear thermal expansion of 2,2-6z^(4-cyanatophenyl)propane was 
also markedly reduced in the same series o f blends.
The homopolymers and blends o f ethylene oxide backbones (n = 1, 2, 3) with 2,2- 
6z^(4-cyanatophenyl)propane were also subjected to thermo mechanical analysis. The 
thermal stability o f these homopolymers were ca. 100 K lower than that of 2,2-bis{A- 
cyanatophenyl)propane, but once blended, the ethylene oxide addition affected the 
thermal stability o f 2,2-6z^(4-cyanatophenyl)propane by ca. 50 K. Dynamic 
mechanical analysis o f the alkylene ether dicyanate homopolymers produced lower 
TgS of 121 °C for n = 3, 139 °C for n = 2 and n = 1 being the highest o f 221 “C. Once 
blended however, n = 1 had no significant effect on the Tg o f 2,2-bis{A- 
cyanatophenyl)propane, while n = 2 and 3 only reduced the Tg by ca. 30 K. Thermo­
mechanical analysis was inconclusive for all 3 backbones, but an interesting 
phenomenon is occurring at Tg and will have to be investigated further.
The thermal polymerisation o f the dicyanates, />/5-4-(4-cyanatophenoxy)phenyl 
sulphone, obeyed Arrhenius kinetics with activation energies ranging fi-om 111-149 kJ 
mol"^  and a pre-exponential factor fi-om 28.3-36.7. The kinetic analysis has 
successfully shown the rate at which polymerisation takes place for only 90% o f the 
data, work will continue to improve the fits for the whole data. Since obtaining 
thermal mechanical data, the information gained fi-om the simulations o f some o f the 
dicyanates are not very accurate, but the simulation has shown that in the /?z5'-4-(4- 
cyanatophenoxy)phenyl sulphone there is something else affecting the packing o f the 
polymer, most likely due to the SO2  link not being correctly simulated
The methods employed to simulate the cyanate ester resins appears to be a useful 
method, as the Tg simulations of AroCy® LIO and XU-366 compare well with those
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of experimental values, it suggests strongly that the models constructed are reliable 
for these systems. Although the simulations o f Tg o f AroCy® BIO and bis-A-{A- 
cyanatophenoxy)phenyl sulphone do not provide values comparable with experiment, 
it does not mean that the model is not a correct one. The information obtained so far 
suggests that the simulated conformation o f 6z^-4-(4-cyanatophenoxy)phenyl 
sulphone is not the lowest energy achievable giving a model that does not correlate 
well with that o f the experimental data.
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Future work
Synthesis o f the alkylene ether dicyanates with longer backbone chain length, should 
be attempted. Once the monomer has been synthesised and analysed, thermal and 
mechanical analysis could be carried out. An attempt should be made to carry out the 
cyanation reaction on the dihydroxy-siloxanes to completion. Kinetic data should be 
continue to be worked on to obtain a fully reliable fit for the whole data range and to 
obtain rates o f polymerisation o f the beginning and end o f the polymerisation. Once 
the kinetic analysis is successful for 6f.y-4-(4-cyanatophenoxy)phenyl sulphone, the 
same methods will be used to analyse other synthesised monomers to obtain their 
kinetic parameters. Well established rate reactions could be analysed using the 
numerical method route to fully justify and prove the reliability o f the method.
Regarding molecular modelling, dynamical simulation o f AroCy®B10, AroCy®L10 
and XU-366 should be carried out again using the improved method in chapter 6 to 
get mechanical and dynamical information that closer resembles that o f the 
experimental measurements. Also, alkylene ether backbone dicyanates should be 
simulated to the same degree as those already simulated. Continuing efforts are being 
made within the group to develop the simulation methods o f cyanate ester resins to 
give a greater comparison to data obtained from synthesised monomers. The work 
presented in this thesis has much more potential for further research and the 
suggestions above are only a small example o f what could be achieved in the near 
future.
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